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Streszczenie 
 
Obszary górskie charakteryzują się wysoką róĪnorodnoĞcią flory, w tym wysokim 
bogactwem gatunkowym endemitów i subendemitów oraz reliktów glacjalnych (Erschbamer i 
in. 2011). WiększoĞć z tych gatunków roĞlin występuje na izolowanych obszarach, a ich 
rozmieszczenie determinowane jest przez topografię terenu i ekstremalne warunki 
klimatyczne (Hiller i in. 2005). W efekcie są to roĞliny skrajnie wyspecjalizowane, co 
decyduje o duĪej wraĪliwoĞci górskiej szaty roĞlinnej na zmiany Ğrodowiskowe (Theurillat & 
Guisan 2001; Erschbamer i in. 2011). W literaturze przedmiotu jako czynniki Ğrodowiskowe 
mające największy wpływ na zmiany w górskiej szacie roĞlinnej Europy i innych częĞci 
Ğwiata wymienia się: ocieplenie klimatu (np. Engler i in. 2011; Gottfried i in. 2012; Lenoir & 
Svenning 2015), wypas (np. Amezaga i in. 2004; Baur i in. 2006; Evju i in. 2009) oraz presję 
turystyczną (np. Whinam i in. 2005; Crisfield i in. 2012; Jägerbrand & Alatalo 2015).  
Tatry, najwyĪsze pasmo górskie Karpat, podobnie jak inne masywy górskie Europy, 
charakteryzują się bogatą topografią i wysoką róĪnorodnoĞcią mikroklimatów, co przyczynia 
się do obecnoĞci duĪej liczby mikrosiedlisk na niewielkiej powierzchni (Radwańska-Paryska 
& Paryski 1995). Na tle innych europejskich obszarów górskich Tatry wyróĪnia bogata 
tradycja pasterska, której początki sięgają XV wieku (Drozdowski i in. 1961). JednakĪe, wraz 
z utworzeniem Tatrzańskiego Parku Narodowego w 1955 roku pasterstwo w polskiej częĞci 
Tatr zaczęło zanikać, osiągając kres w latach 70. XX wieku (Balcerkiewicz 1984). 
Konsekwencją utworzenia parku narodowego była równieĪ intensyfikacja ruchu 
turystycznego. Początki turystyki w Tatrach sięgają połowy XIX wieku (Mirek 1996). 
WspółczeĞnie obszar ten odwiedzany jest przez ponad 3 miliony turystów rocznie (dane 
Tatrzańskiego Parku Narodowego). Lata 50. XX wieku uwaĪane są za początek gwałtownego 
ocieplenia klimatu, którego przyczyny upatrywane są m.in. w rozwoju globalnego przemysłu 
(IPCC 2014). W Tatrach, w latach 1950-2016, Ğrednia roczna temperatura na Kasprowym 
Wierchu (1987 m n.p.m.) wzrosła o 1,30°C, a na Łomnicy (2635 m n.p.m.) o 1,24°C. W 
efekcie okres wegetacyjny, rozumiany jako liczba dni ze Ğrednią dobową temperaturą 
powietrza powyĪej 5°C, wydłuĪył się o 20 dni na Kasprowym Wierchu i aĪ o 32 dni na 
Łomnicy. W tym samym okresie liczba dni z opadem ĞnieĪnym w ciągu roku, zmniejszyła się 
odpowiednio o 13 i 30 dni (dane Wysokogórskiego Obserwatorium Meteorologicznego na 
Kasprowym  Wierchu oraz Stacji Meteorologicznej na Łomnicy).  
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 Wpływ ocieplenia klimatu na szatę roĞlinną gór był szeroko analizowany w 
gradientach geograficznych i wysokoĞciowych wielu obszarów górskich Europy (np. Parolo 
& Rossi 2008; Gottfried i in. 2012; Matteodo i in. 2013; Winkler i in. 2016). Wyniki tych 
badań wskazują, Īe zmiany klimatu przyczyniają się do przesuwania się górnej granicy 
zasięgu roĞlin alpejskich w górę, co znajduje odzwierciedlenie we wzroĞcie bogactwa 
gatunkowego flory wyĪszych połoĪeń górskich, kolonizowanych przez roĞliny związane z 
cieplejszymi warunkami klimatycznymi (Lenoir & Svenning 2015; Evangelista i in. 2016). 
Konsekwencją tych zmian jest zastępowanie gatunków wyspecjalizowanych przez taksony o 
szerszej amplitudzie ekologicznej (Britton i in. 2009). Z drugiej strony, wysokie bogactwo 
gatunkowe niĪszych partii gór, w przeszłoĞci poddanych intensywnej gospodarce pasterskiej, 
a współczeĞnie nieuĪytkowanych, zmniejsza się. Wydeptywanie, selektywne zgryzanie oraz 
zasilanie podłoĪa w biogeny pochodzące z odchodów zwierząt gospodarskich było 
czynnikiem sprzyjającym utrzymaniu wysokiej róĪnorodnoĞci specyficznych mikrosiedlisk, 
która współczeĞnie, w wyniku zaprzestania wypasu, zmniejsza się (Amezaga i in. 2004; Baur 
i in. 2006; Sheil 2016). Tempo tych zmian uzaleĪnione jest m. in. od wysokoĞci nad 
poziomem morza: skład gatunkowy muraw połoĪonych poniĪej górnej granicy lasu, dzięki 
łagodniejszym warunkom klimatycznym, ulega szybszym zmianom w porównaniu do 
wyĪszych partii gór (Austrheim & Eriksson 2001). Innym czynnikiem istotnie wpływającym 
na zmiany składu gatunkowego wysokogórskiej szaty roĞlinnej jest turystyka piesza 
(Jägerbrand & Alatalo 2015). Wydeptywanie szczytowych partii gór powoduje wzrost stopnia 
ubicia gleby, jej erozję oraz zmiany wilgotnoĞci, które prowadzą do zmniejszenia się 
bogactwa gatunkowego roĞlin (Gremmen i in. 2003). UĪytkowanie turystyczne prowadzi 
równieĪ do redukcji długoĞci pędów, powierzchni liĞci, kwitnienia oraz wielkoĞci i produkcji 
nasion (Crisfield i in. 2012). W warunkach intensywnej presji turystycznej tylko gatunki o 
szczególnych cechach są w stanie przetrwać. Często są to klonalne roĞliny kępkowe z duĪą 
liczbą krótkich pędów przylegających do podłoĪa (Ballantyne i in. 2014).  
 Do górskich zbiorowisk roĞlinnych, uwaĪanych za najwraĪliwsze na zmiany w 
Ğrodowisku, naleĪą wyleĪyska – roĞlinnoĞć występująca w miejscach o długim czasie 
zalegania pokrywy ĞnieĪnej w ciągu roku i przez to zdominowana przez roĞliny skrajnie 
wyspecjalizowane (Sandvik & Odland 2014). Dlatego teĪ badania dynamiki populacji tych 
gatunków, często okreĞlanych jako reliktowe, moĪe być właĞciwym sposobem szczegółowego 
zrozumienia zmian w składzie gatunkowym całych zbiorowisk (Holzinger i in. 2008). 
Gatunkiem spełniającym powyĪsze kryteria jest turzyca Lachenala (Carex lachenalii) – 
kępkowa, wieloletnia turzyca z krótkimi rozłogami, występująca w wilgotnych miejscach na 
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ubogich wyleĪyskach i ubogich murawach granitowych o niskim stopniu pokrycia przez 
roĞliny naczyniowe. Turzyca Lachenala jest roĞliną arktyczno-alpejską o cyrkumborealnym 
zasięgu. W Polsce występuje tylko w Tatrach na izolowanych stanowiskach i ma status 
gatunku zagroĪonego (Mirek & PiękoĞ-Mirkowa 2014). 
 Badanie wpływu zmian w Ğrodowisku na skład gatunkowy szaty roĞlinnej wymaga 
dostępu do historycznych badań nad rozmieszczeniem i zasięgami gatunków roĞlin oraz 
róĪnorodnoĞcią górskich zbiorowisk roĞlinnych (Kapfer i in. 2017). WĞród bogatej literatury 
przedmiotu, często będącej opisami wycieczek botanicznych o charakterze sprawozdawczym 
(np. Berdau 1855), tylko studia o największej kompletnoĞci, dokładnoĞci i wiarygodnoĞci 
obserwacji stanowić mogą materiał odpowiedni do przeprowadzania powtórnych badań 
(Stöckli i in. 2011). Z obszaru Karpat, jednymi z opracowań spełniających powyĪsze kryteria 
są badania nad florą i roĞlinnoĞcią Tatr (np. Sagorski & Schneider 1891; Pawłowski i in. 
1928). Co więcej, powtórne badania zmian składu gatunkowego szaty roĞlinnej Tatr po 
długim okresie czasu jak dotąd nie były prowadzone. 
 Celem niniejszej pracy doktorskiej było oszacowanie: (i) zmian, które zaszły we florze 
oraz w składzie gatunkowym górskich zbiorowisk roĞlinnych oraz (ii) wpływu ocieplenia 
klimatu, zaprzestania wypasu oraz turystyki na zaobserwowane zmiany. Aby osiągnąć 
postawione cele powtórzyłem badania florystyczno-fitosocjologiczne w Tatrach, 
wykorzystując historyczne materiały zebrane w latach 1872-1969 przez pionierów botaniki i 
fitosocjologii polskiej i obejmujące: (i) spisy flory 14 szczytów górskich, (ii) 76 zdjęć 
fitosocjologicznych z Doliny Rybiego Potoku i okolic Morskiego Oka oraz (iii) informacje o 
lokalizacji 27 stanowisk turzycy Lachenala. 
Ocieplenie klimatu, o którym Ğwiadczy m.in. wzrost temperatury powietrza oraz 
skrócenie czasu utrzymywania się pokrywy ĞnieĪnej w ciągu roku, jest jednym z 
najwaĪniejszych czynników Ğrodowiskowych odpowiedzialnych za zmiany w szacie roĞlinnej 
wyĪszych połoĪeń górskich (Carbognani i in. 2014; Evangelista i in. 2016). ZałoĪyłem więc, 
Īe w porównaniu do stanu z przeszłoĞci, udział gatunków preferujących cieplejsze warunki 
klimatyczne będzie wyĪszy we współczesnej szacie roĞlinnej badanego terenu. W wyĪszych 
partiach gór czynnikiem odgrywającym znaczącą rolę w kształtowaniu składu gatunkowego 
zbiorowisk roĞlinnych jest długi czas zalegania pokrywy ĞnieĪnej w ciągu roku, a głównym 
Ĩródłem wody w glebie jest Ğnieg topniejący w okresie letnim (Hiller i in. 2005). Postawiłem 
więc hipotezę, Īe wraz ze zmniejszeniem się liczby dni z opadem ĞnieĪnym w ciągu roku, 
wzroĞnie w takich miejscach udział gatunków, których typowym miejscem występowania są 
gleby suchsze, gdyĪ brak topniejącego Ğniegu w okresie letnim będzie skutkował 
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przesuszeniem gleby (Carbognani i in. 2014; Sandvik & Odland 2014). ZałoĪyłem równieĪ, 
Īe wzrost temperatury w połączeniu ze zmniejszeniem się liczby dni z opadem ĞnieĪnym w 
ciągu roku moĪe skutkować przesunięciem się w górę górnej granicy występowania górskich 
gatunków o wysokiej specjalizacji, których przedstawicielem w moich badaniach była turzyca 
Lachenala. 
W niĪszych, bardziej dostępnych do wypasu połoĪeniach górskich, które były w 
przeszłoĞci intensywnie uĪytkowane, wpływ zmian klimatu na florę i roĞlinnoĞć moĪe być 
maskowany przez zmiany będące efektem wyłączenia z gospodarki pasterskiej (Felde i in. 
2012), np. przez regenerację górnej granicy lasu (Gehrig-Fasel i in. 2007; Ameztegui i in. 
2015). Tym samym załoĪyłem, Īe w porównaniu do danych historycznych, udział gatunków 
stanowiących typowe składniki runa leĞnego będzie współczeĞnie większy na murawach 
wyłączonych z gospodarki pasterskiej. Ustąpienie presji roĞlinoĪerców uruchamia równieĪ 
procesy gromadzenia się w glebie bogatego w składniki odĪywcze humusu pochodzącego z 
rozkładającej się fitomasy, który charakteryzuje się zdolnoĞcią do zatrzymywania wody. W 
efekcie miejsca takie są kolonizowane przez gatunki nitrofilne powodujące wzrost produkcji 
pierwotnej (Matteodo i in. 2013). Postawiłem zatem hipotezę, Īe współczeĞnie proporcja 
gatunków, których typowym miejscem występowania są podłoĪa wilgotniejsze oraz gleby 
bardziej zasobne w azot, będzie wyĪsza na obszarach intensywnie wypasanych w przeszłoĞci.  
Tereny uĪytkowane turystycznie, których roĞlinnoĞć jest kształtowana przez 
intensywne wydeptywanie, ubijanie gleby i wypłukiwanie biogenów z podłoĪa, są miejscem 
występowania gatunków o szczególnych cechach. W duĪej mierze są to klonalne roĞliny 
kępkowe z duĪą liczbą krótkich pędów przylegających do podłoĪa oraz o niskich 
wymaganiach troficznych (Ballantyne i in. 2014). ZałoĪyłem, Īe na szczytach dostępnych 
turystycznie, udział gatunków występujących typowo na siedliskach ubogich w azot będzie 
wyĪszy w porównaniu do stanu z przeszłoĞci. Ponadto postawiłem hipotezę, Īe turystyka 
piesza moĪe sprzyjać rozprzestrzenianiu propagul C. lachenalii.  
 
Materiały i metody badań 
 
 W 2014 roku przeprowadziłem badania florystyczne na 14 szczytach górskich w 
Tatrach Wysokich, Zachodnich i Bielskich (częĞć polska i słowacka), w gradiencie 
wysokoĞciowym 1215-2503 m n.p.m. Dla kaĪdego wierzchołka powtórzyłem spisy flory 
roĞlin naczyniowych, po raz pierwszy wykonane w latach 1878-1948 (Kotula 1889-1890; 
Sagorski & Schneider 1891; Pawłowski 1956), w pierwszym rzędzie inwentaryzując gatunki 
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na szczycie, a następnie występujące na zboczach do 50 m od szczytu. Celem oddzielenia 
wpływu zmian związanych z ociepleniem klimatu od zmian spowodowanych przez 
zaprzestanie wypasu, badane szczyty podzieliłem na klasy dostępnoĞci dla owiec. Podziału 
dokonałem na podstawie map topograficznych Tatr (Siwicki i in. 2002-2003, 2003-2004), w 
zaleĪnoĞci od nachylenia zboczy i udziału terenów nieatrakcyjnych z punktu widzenia 
gospodarki pasterskiej, tj. piargów i Ğcian skalnych. W 2015 roku w Dolinie Rybiego Potoku i 
w okolicach Morskiego Oka (częĞć polska Tatr Wysokich) powtórzyłem 76 zdjęć 
fitosocjologicznych (gradient wysokoĞciowy 1130-2252 m n.p.m.) wykonanych w 1927 roku 
przez Pawłowskiego i in. (1928). Dla kaĪdego zdjęcia sporządziłem spis roĞlin naczyniowych, 
z odnotowaniem pokrycia gatunków w skali Braun-Blanqueta. Na etapie analiz, poza oceną 
zmian składu gatunkowego na poziomie typów roĞlinnoĞci, w badaniach uwzględniłem 
zmiany współwystępowania gatunków w gradientach ekologicznych: Ğwietlnym, termicznym, 
wilgotnoĞciowym oraz troficznym. W 2016 roku zinwentaryzowałem wszystkie historyczne 
lokalizacje C. lachenalii w polskiej częĞci Tatr Wysokich i Zachodnich (27 stanowisk). 
Ponadto spenetrowałem większoĞć dostępnych płatów muraw granitowych i wyleĪysk o 
warunkach siedliskowych odpowiednich dla tego gatunku. Dla kaĪdego zaobserwowanego 
stanowiska turzycy Lachenala okreĞliłem: wysokoĞć n.p.m., pokrycie gatunków 
towarzyszących w skali Braun-Blanqueta, zagęszczenie ramet (liczba pędów/100m2) oraz 
Ğrednią odległoĞć (w metrach) kęp od najbliĪszej ĞcieĪki jako miarę presji turystycznej. 
W celu scharakteryzowania Ğwietlnych, termicznych, wilgotnoĞciowych oraz 
troficznych (zawartoĞć azotu w glebie) warunków typowych dla poszczególnych gatunków 
roĞlin, wykorzystałem ekologiczne liczby wskaĨnikowe (Zarzycki i in. 2002).  
 
Wpływ ocieplenia klimatu na szatę roślinną Tatr 
 
Na szczytach stosunkowo niedostępnych dla owiec (np. Rysy, Giewont i 
Mięguszowiecki Szczyt Czarny) zaobserwowałem spadek udziału gatunków występujących w 
cieplejszych warunkach klimatycznych (np. Gypsophila repens, Saxifraga aizoides i S. 
caesia), co było sprzeczne z postawioną hipotezą o kolonizacji wyĪszych partii Tatr przez 
gatunki ciepłolubne. Jednak fakt ten moĪna wytłumaczyć skróceniem czasu zalegania 
pokrywy ĞnieĪnej w ciągu roku (Carbognani i in. 2014; Sandvik & Odland 2014). Brak 
zalegającego Ğniegu zwiększa ekspozycję roĞlin na wiatr i mróz w zimie, czego wynikiem jest 
fizyczne niszczenie pąków odnawiających, skutkujące zmniejszaniem pokrycia oraz 
wycofywaniem się wraĪliwszych gatunków roĞlin (Grytnes i in. 2014). Z drugiej strony, brak 
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topniejącego Ğniegu w lecie ogranicza dostępnoĞć wody w glebie (Hiller i in. 2005), czego 
efektem jest kolonizacja siedlisk dawniej wilgotnych przez gatunki znoszące niedobór wody 
w podłoĪu (Carbognani i in. 2014; Sandvik & Odland 2014). ĝwiadczą o tym stosunkowo 
duĪe zmiany składu gatunkowego, zaobserwowane w płatach roĞlinnoĞci wyleĪyskowej 
Doliny Rybiego Potoku i okolic Morskiego Oka, wyraĪone w kolonizacji tych zbiorowisk 
przez gatunki, których typowym miejscem występowania są suche murawy granitowe. 
Niektóre z tych roĞlin, np. Helictochloa versicolor i Pulsatilla alba współczeĞnie 
występowały na wyleĪyskach w towarzystwie gatunków gleb wilgotnych, co sugeruje 
wkraczanie H. versicolor i P. alba na te specyficzne siedliska. Podobny potencjał 
kolonizacyjny wykazała turzyca Lachenala na siedliskach wybitnie wilgotnych, której 
obecnoĞć potwierdziłem na 11 z 27 stanowisk historycznych oraz wykazałem z 84 nowych 
lokalizacji. W stosunku do danych z przeszłoĞci, C. lachenalii wykazała przesunięcie górnej 
granicy występowania Ğrednio o 178 m w górę, osiągając maksymalną wysokoĞć 2153 m 
n.p.m. Turzyca Lachenala, jako gatunek o stosunkowo wysokich wymaganiach względem 
wilgotnoĞci gleby, w warunkach wydłuĪonego okresu wegetacyjnego w Tatrach, z 
powodzeniem mogła kolonizować wyleĪyska połoĪone w najwyĪszych partiach gór, 
zdominowane przez wybitnie wilgociolubne zbiorowiska mszyste, poprzednio niedostępne 
dla większoĞci roĞlin naczyniowych. 
 
Wpływ zaprzestania wypasu na tatrzańską florę i roślinność 
 
Współczynnik Bray-Curtisa niepodobieństwa składu gatunkowego roĞlin badanych 
szczytów (między danymi historycznymi a współczesnymi) rósł wraz z rosnącą dostępnoĞcią 
szczytów dla owiec. ĝwiadczy to o tym, Īe większe zmiany we florze zaszły na szczytach, 
które historycznie były intensywniej wypasane (np. Szalony Wierch, Ciemniak i Ornak). Na 
tych szczytach odnotowałem wzrost udziału gatunków typowych dla runa leĞnego (np. Carex 
sylvatica, Cystopteris fragilis i Phegopteris connectilis), więcej roĞlin typowych dla 
cieplejszych warunków klimatycznych (np. Gymnadenia conopsea, Melampyrum pratense i 
Mercurialis perennis) oraz wyĪszą proporcję gatunków występujących na glebach bogatszych 
w azot (np. Adenostyles alliariae, Lactuca alpina i Senecio nemorensis). W Dolinie Rybiego 
Potoku i w okolicach Morskiego Oka, gatunki stanowiące typowe składniki runa leĞnego (D. 
dilatata i Deschampsia flexuosa) współczeĞnie współwystępowały z roĞlinami terenów 
otwartych – wskaĨnikami chłodniejszych warunków klimatycznych (Campanula alpina, 
Juncus trifidus i Oreochloa disticha). Z drugiej strony, te same gatunki obecnie 
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współwystępowały równieĪ z roĞlinami typowymi dla bardziej wilgotnych i zasobnych w azot 
zbiorowisk higrofilnych ziołoroĞli (A. alliariae, Athyrium distentifolium i Lactuca alpina). 
Kolonizacja terenów intensywnie wypasanych w przeszłoĞci przez roĞliny z reguły 
występujące na glebach bogatszych w substancje odĪywcze, mogła być ułatwiona przez 
procesy nagromadzania w glebie humusu. Pod okapem ziołoroĞli mogły wytworzyć się 
łagodniejsze warunki mikroklimatyczne, w porównaniu z bardziej eksponowanym na wiatr i 
mróz otoczeniem. Sprzyjały one wkraczaniu gatunków typowych dla cieplejszych klimatów 
oraz kolonizacji przez drzewa i krzewy (np. Picea abies, Pinus mugo i Sorbus aucuparia 
subsp. glabrata). Opisane tendencje są symptomami powrotu lasu na tereny w przeszłoĞci 
zaburzone intensywną gospodarką pasterską (Gehrig-Fasel i in. 2007; Ameztegui i in. 2015). 
Wypas spowodował obniĪenie górnej granicy lasu w Tatrach o ponad 300 m, a proces jej 
regeneracji do wysokoĞci sprzed czasów osadnictwa nadal trwa (Radwańska-Paryska & 
Paryski 1995; Kaczka i in. 2015).  
 
Wpływ turystyki na zmiany we florze Tatr 
 
Połowa badanych szczytów górskich jest współczeĞnie udostępniona dla ruchu 
turystycznego (np. Ornak, Ciemniak i Giewont). Wierzchołki te corocznie masowo 
odwiedzane są przez turystów, co skutkuje intensywnym wydeptywaniem, ubijaniem gleby, 
erozją oraz ich kolonizacją przez antropofity (np. Poa annua i Plantago major). Gatunki, 
które obniĪyły częstoĞć występowania na szczytach zaburzonych uĪytkowaniem 
turystycznym to roĞliny o stosunkowo wysokich preferencjach względem substancji 
odĪywczych w podłoĪu, wykazujące niską odpornoĞć na wydeptywanie i spłukiwanie 
biogenów z gleby na drodze erozji (np. Arabis soyeri, Aster alpinus i Doronicum clusii). W 
takich warunkach przeĪywają jedynie kępkowe roĞliny klonalne o niskich wymaganiach 
troficznych (np. Festuca airoides, J. trifidus i O. disticha). Takim gatunkiem jest teĪ badana 
przeze mnie turzyca Lachenala, której zagęszczenie rosło wraz z malejącą odległoĞcią od 
ĞcieĪek turystycznych. W warunkach braku konkurencji ze strony ziół i krzewinek, C. 
lachenalii sukcesywnie kolonizowała powstałe pod wpływem wydeptywania mikrosiedliska, 
jednoczeĞnie czerpiąc korzyĞć z antropogenicznego rozprzestrzeniania diaspor pod butami i 
na ubiorze wspinaczy (Whinam i in. 2005). 
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Podsumowanie i wnioski 
 
Wpływ ocieplenia klimatu na zmiany składu gatunkowego flory tatrzańskich szczytów 
górskich był słabo zaznaczony i wyraĨnie przejawiał się jedynie na szczytach, które w 
przeszłoĞci nie były intensywnie uĪytkowane pastersko ze względu na ich niską dostępnoĞć. 
Zmniejszenie się liczby dni z opadem ĞnieĪnym w ciągu roku wraz z wydłuĪeniem się okresu 
wegetacyjnego spowodowało znaczne zmiany w składzie gatunkowym roĞlinnoĞci wyleĪysk, 
jak równieĪ mogło umoĪliwić przesunięcie się górnej granicy występowania turzycy 
Lachenala w górę. Zaprzestanie wypasu owiec było główną przyczyną zmian składu 
gatunkowego roĞlinnoĞci muraw granitowych i flory szczytów bardziej dostępnych dla owiec, 
o czym Ğwiadczy regeneracja roĞlinnoĞci leĞnej na terenach wyłączonych z wypasu. Podczas 
gdy zmiany klimatu i zaprzestanie wypasu stanowiły równie istotne czynniki modyfikujące 
skład gatunkowy szaty roĞlinnej Tatr, wpływ turystyki w moich badaniach był słabiej 
zaznaczony i wyraĪony m. in. w antropogenicznym rozprzestrzenianiu turzycy Lachenala.  
Wypadkową jednoczesnego wpływu ocieplenia klimatu oraz zmian w uĪytkowaniu 
terenu jest homogenizacja szaty roĞlinnej. Zjawisko to stanowi realne zagroĪenie dla 
róĪnorodnoĞci szaty roĞlinnej Tatr i powinno być uwzględniane w planach ochrony górskich 
obszarów chronionych róĪnej rangi. Dlatego, celem zachowania jak największej 
róĪnorodnoĞci siedlisk i utrzymania populacji gatunków będących najrzadszymi składnikami 
rodzimej flory tatrzańskiej, proponuję kanalizację ruchu turystycznego na obszarach 
najintensywniej uĪytkowanych, rozumianą jako zapobieganie wywieraniu nadmiernej presji 
na obszary sąsiadujące z infrastrukturą turystyczną  oraz wprowadzenie form ochrony czynnej 
(np. wypasu kulturowego) na częĞci terenów wypasanych w przeszłoĞci.  
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Summary 
 
Mountain areas are characterized by a high diversity of flora, which is rich in endemic 
and subendemic species as well as glacial relics (Erschbamer et al. 2011). Most of these 
species are found in isolated areas, and their distribution is determined by the topographic 
features and extreme climate conditions (Hiller et al. 2005). As a result, these plants are 
extremely specialized, which makes mountain vegetation very sensitive to environmental 
changes (Theurillat & Guisan 2001; Erschbamer et al. 2011). The literature addressing this 
problem points to the environmental factors with the greatest impact on the mountain flora of 
Europe and other parts of the world, such as climate change (e.g. Engler et al. 2011; Gottfried 
et al. 2012; Lenoir & Svenning 2015), grazing (e.g. Amezaga et al. 2004; Baur et al. 2006; 
Evju et al. 2009) and tourist pressure (e.g. Whinam et al. 2005; Crisfield et al. 2012; 
Jägerbrand & Alatalo 2015).  
The Tatra Mts, the highest mountain range of the Carpathians, like other mountain 
ranges of Europe, have a rich topography and high diversity of micro-climates, which 
contributes to the presence of a large number of microhabitats in a small area (Radwańska-
Paryska & Paryski 1995). Compared to other European mountain areas, the Tatra Mts stand 
out because of the well-established local shepherding tradition, dating back to the 15th 
century (Drozdowski et al. 1961). However, with the creation of the Tatra National Park in 
1955, shepherding in the Polish part of the Tatra Mts went into decline and ceased in the 
1970s (Balcerkiewicz 1984). The establishment of the national park also caused the 
intensification of tourism. The beginning of tourism in the Tatra Mts goes back to the middle 
of the 19th century (Mirek 1996). At present, this area is visited by more than 3 million 
tourists each year (statistics from the Tatra National Park). The 1950s are considered to be the 
beginning of rapid climate warming, caused, among other things, by the development of 
global industry (IPCC 2014). In the Tatra Mts between 1950 and 2016, the mean annual 
temperature increased by 1.30°C on Kasprowy Wierch (1987 m a.s.l.) and by 1.24°C on 
Łomnica (2635 m a.s.l.). Consequently, the growing season, defined as the number of days 
with a mean daily air temperature above 5°C, became 20 days longer on Kasprowy Wierch 
and 32 days longer on Łomnica. In the same period, the number of days with snowfall per 
year reduced by 13 and 30 days, respectively (data from the Meteorological Observatories on 
Kasprowy Wierch and on Łomnica). 
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 The impact of climate warming on the vegetation in the mountains has been 
extensively analyzed in geographical and elevation gradients for many areas of Europe (e.g. 
Parolo & Rossi 2008; Gottfried et al. 2012; Matteodo et al. 2013; Winkler et al. 2016). 
Findings from these studies indicate that climate change contributes to shifting the upper limit 
of the alpine plants upwards, which is reflected in the increased species diversity of flora at 
higher mountain elevations, colonized by plants associated with warmer climate (Lenoir & 
Svenning 2015; Evangelista et al. 2016). Because of these changes, specialized species are 
replaced by taxa with a wider ecological amplitude (Britton et al. 2009). On the other hand, 
the high species diversity in the lower parts of the mountains, where shepherding used to be 
intensive but is now abandoned, is reducing. Trampling, selective grazing and the supply of 
soil with nutrients from livestock faeces were factors promoting the high diversity of specific 
microhabitats which today, after the cessation of grazing, is reduced (Amezaga et al. 2004; 
Baur et al. 2006; Sheil 2016). The speed of these changes depends, for example, on elevation 
above the sea level: the species composition of grasslands located below the upper treeline 
transforms faster compared to the areas at higher elevations because of the milder climate 
(Austrheim & Eriksson 2001). Another factor with a significant impact on changes in species 
composition of alpine vegetation is tourism (Jägerbrand & Alatalo 2015). Trampling on the 
mountain summits increases soil compaction, and causes erosion and changes in moisture that 
lead to a reduction in the diversity of plant species (Gremmen et al. 2003). Recreational traffic 
also causes a reduction in shoot length, leaf area, flowering, and the size and number of seeds 
(Crisfield et al. 2012). Under conditions of strong pressure from tourism, only species with 
special features are able to survive. These are often clonal tufted plants with a large number of 
short shoots close to the soil surface (Ballantyne et al. 2014).  
 Alpine snowbeds – occurring  in places where snow cover persists for a long time and 
thus dominated by extremely specialised plants – are considered to be the mountain plant 
communities most sensitive to environmental changes (Sandvik & Odland 2014). Therefore, 
studies on the population dynamics of these species, often called glacial relics, may be the 
right way to explain in detail the changes in species composition of whole communities 
(Holzinger et al. 2008). One species meeting the above criteria is Carex lachenalii, a 
perennial tufted sedge with short rhizomes, found in wet places on poor alpine snowbeds and 
poor granite grasslands with low coverage of vascular plants. Carex lachenalii is an Arctic-
alpine plant with a circumboreal range. In Poland, it is found only in isolated sites of the Tatra 
Mts and has the status of an endangered species (Mirek & PiękoĞ-Mirkowa 2014). 
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 Studies investigating the impact of environmental changes on the species composition 
of vegetation require the resurveying of historical data on the distribution and ranges of plant 
species and the diversity of mountain plant communities (Kapfer et al. 2017). Although the 
literature on this subject is extensive, including reports on botanical excursions (e.g. Berdau 
1855), only studies characterised by the highest completeness, accuracy and reliability of 
observation may be suitable as a background for resurveying (Stöckli et al. 2011). For the 
Carpathian region, among the reports that meet the above criteria are studies on the flora and 
vegetation of the Tatra Mts (e.g. Sagorski & Schneider 1891; Pawłowski et al. 1928). 
Moreover, the species composition of vegetation in the Tatra Mts has not been resurveyed 
after a long time period from the initial sampling. 
 The aim of this doctoral thesis was to assess: (i) changes that have taken place in the 
flora and in the species composition of mountain plant communities, and (ii) the impact of 
climate warming, cessation of grazing, and tourism on these changes. To achieve these aims I 
resurveyed the flora and plant communities of the Tatra Mts and compared current findings to 
historical data collected in 1872-1969 by Polish pioneers in botany and phytosociology, 
including: (i) floristic surveys of 14 mountain summits, (ii) 76 phytosociological relevés from 
the Rybi Potok Valley and the Morskie Oko Lake region and (iii) data on the location of 27 
sites of C. lachenalii. 
Climate warming, evidenced by increased air temperature and shorter persistence of 
snow cover during the year, is one of the most important environmental factors responsible 
for changes in vegetation in higher mountain areas (Carbognani et al. 2014; Evangelista et al. 
2016). I assumed, therefore, that in comparison to the historical data, the share of species 
preferring warmer climate would be higher in the contemporary vegetation of the study area. 
At higher mountain elevations the long persistence of snow cover during the year is a 
significant factor shaping the species composition of plant communities, and the main source 
of water in the soil is snow melt in summer (Hiller et al. 2005). Therefore, I hypothesised that 
the decrease in the number of days with snowfall per year would increase the share of species 
typical for drier habitats in such areas, because the lack of water from melting snow would 
result in lower soil moisture (Carbognani et al. 2014; Sandvik & Odland 2014). I also 
assumed that higher temperature combined with a lower number of days with snowfall during 
the year may cause an upward shift of the upper limit of highly-specialised mountain species, 
represented in my studies by C. lachenalii. 
In areas at lower elevations, more accessible for grazing and used intensively in the 
past, the impact of climate change on flora and vegetation can be overwhelmed by changes 
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resulting from the cessation of shepherding (Felde et al. 2012), e.g. because of the recovery of 
the upper treeline (Gehrig-Fasel et al. 2007; Ameztegui et al. 2015). Thus, I assumed that 
compared to historical data, the share of species typical for forest undergrowth would be 
recently greater on grasslands where shepherding had been abandoned. The cessation of 
pressure from herbivores also triggers the accumulation of nutrient-rich humus from the 
decomposing phytomass in the soil, which is characterized by water-retaining ability. As a 
result, such areas are colonized by nitrophilous species, causing an increase in the primary 
production (Matteodo et al. 2013). Therefore, I put forward a hypothesis that today the 
proportion of species which are typically found on wetter soils richer in nitrogen would be 
higher in areas that were used for intensive grazing in the past. 
Areas accessible for tourists, where vegetation is shaped by intensive trampling, soil 
compaction and the leaching of nutrients from the ground, are habitats for species with special 
characteristics. These are often clonal tufted plants, with a large number of short shoots 
covering the ground, and having low trophic requirements (Ballantyne et al. 2014). I assumed 
that on the summits available for tourists, the share of species typically found on nitrogen-
poor soils would be higher compared to that indicated by historical data. I also hypothesised 
that hiking is a potential factor promoting the spread of C. lachenalii propagules.  
 
Materials and methods 
 
In 2014, I carried out floristic studies on 14 mountain summits in the High Tatra Mts, 
West Tatra Mts and Bielskie Tatra Mts (in the Polish and Slovakian parts), in the elevation 
gradient of 1215-2503 m a.s.l. For each summit I resurveyed all vascular plants, first sampled 
in 1878-1948 (Kotula 1889-1890, Sagorski & Schneider 1891; Pawłowski 1956), making an 
inventory of plant species on the summits and then those on the slopes to 50 m below the 
summit. To distinguish changes related to climate warming from those driven by the cessation 
of grazing I classified the summits into four classes depending on their accessibility to sheep. 
The classification was done based on the topographic maps for the Tatra Mts (Siwicki et al. 
2002-2003, 2003-2004), depending on the slope gradient and the share of areas unattractive 
for grazing, i.e. screes and rock faces. In 2015, in the Rybi Potok Valley and in the vicinity of 
the Morskie Oko (Polish part of the High Tatra Mts), I resurveyed 76 phytosociological 
relevés (elevational gradient 1130-2252 m a.s.l.) on the sites initially investigated in 1927 by 
Pawłowski et al. (1928). For each relevé I prepared a list of vascular plants, with data on the 
coverage of species using the Braun-Blanquet scale. At the stage of analysis, apart from the 
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assessment of species composition for different types of vegetation, I considered changes in 
the coexistence of species in ecological gradients of light, temperature, soil moisture and soil 
nitrogen content. In 2016 I resurveyed all historical sites of C. lachenalii in the Polish part of 
the High Tatra Mts and Western Tatra Mts (27 sites). I also explored most of the accessible 
patches of granite grasslands and alpine snowbeds where habitat conditions are suitable for 
this species. For each identified site of C. lachenalii I recorded the following parameters: 
elevation in m a.s.l., coverage of coexisting species using the Braun-Blanquet scale, ramet 
density (number of shoots/100m2) and the mean distance (in metres) of tufts from the nearest 
hiking path as a measure of pressure from tourism. I used ecological indicator values 
(Zarzycki et al. 2002) to characterise the requirements of individual plant species for light, 
temperature, soil moisture and nutrients (content of nitrogen in soil). 
 
Impact of climate warming on the vegetation of the Tatra Mts 
 
On the summits relatively inaccessible to sheep (e.g. Rysy, Giewont and 
Mięguszowiecki Szczyt Czarny) I found a decrease in the share of species typical of warmer 
habitats (e.g. Gypsophila repens, Saxifraga aizoides and S. caesia), which contradicted the 
initial hypothesis on the colonization of the higher elevations of the Tatra Mts by 
thermophilous species. However, this fact can be explained by the shorter persistence of snow 
cover during the year (Carbognani et al. 2014; Sandvik & Odland 2014). The absence of snow 
cover increases the exposure of plants to wind and frost in winter, which results in the 
physical destruction of resting buds, so the more sensitive plant species reduce their cover rate 
and retreat from the habitat (Grytnes et al. 2014). On the other hand, the lack of melting snow 
in the summer limits the availability of water in the soil (Hiller et al. 2005), so habitats that 
used to be wet are colonized by plant species tolerant to drier soil conditions (Carbognani et 
al. 2014; Sandvik & Odland 2014). This is evidenced by significant changes in the species 
composition observed in the patches of snowbed vegetation in the Rybi Potok Valley and 
Morskie Oko Lake region, reflected in the colonization of these habitats by species typically 
found on dry granite grasslands. Some of these species, e.g. Helictochloa versicolor and 
Pulsatilla alba were found now in alpine wetlands together with species typical of wet soils, 
which suggests the encroachment of H. versicolor and P. alba to these specific habitats. 
Carex lachenalii showed a similar potential for the colonization of very wet habitats, since it 
was identified on 11 out of 27 historical sites and on 84 new sites. Compared to the historical 
data, the upper limit of distribution for C. lachenalii shifted on average by 178 m upward, 
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reaching a maximum elevation of 2153 m a.s.l. C. lachenalii, a species with relatively high 
requirements with respect to soil moisture, under conditions of a longer growing season in the 
Tatra Mts, could successfully colonize snowbeds located at higher elevations, dominated by 
highly hygrophilous moss communities, and previously unsuitable to most vascular plants. 
 
Impact of cessation of grazing on the flora and vegetation of the Tatra Mts 
 
The Bray-Curtis index of dissimilarity for the plant species composition on the 
investigated summits (historical vs contemporary data) increased along with the increasing 
accessibility of summits to sheep. This proves that flora changed more significantly on the 
summits that were intensively grazed in the past (e.g. Szalony Wierch, Ciemniak and Ornak). 
On such mountain peaks I found an increased share of species typical of forest undergrowth 
(e.g. Carex sylvatica, Cystopteris fragilis and Phegopteris connectilis), more species typical 
of warmer climate (e.g. Gymnadenia conopsea, Melampyrum pratense and Mercurialis 
perennis), and a greater proportion of nitrophilous species (e.g. Adenostyles alliariae, Lactuca 
alpina and Senecio nemorensis). In the Rybi Potok Valley and Morskie Oko Lake region, 
plant species typically forming the forest undergrowth (D. dilatata and Deschampsia 
flexuosa) now co-occurred with plants of open areas – indicators of colder climate 
(Campanula alpina, Juncus trifidus and Oreochloa disticha). On the other hand, the same 
species now co-occurred with tall herbs, typical of wetter and richer in nitrogen habitats (A. 
alliariae, Athyrium distentifolium and Lactuca alpina). Areas intensively grazed in the past 
were usually colonized by plants associated with soils richer in nutrients, which could be 
facilitated by the accumulation of humus in the soil. The canopy of tall herbs probably created 
a milder microclimate than in the areas exposed to wind and frost. Tall herbs created 
favourable conditions for species typical of a warmer climate and for colonization by trees 
and shrubs (e.g. Picea abies, Pinus mugo and Sorbus aucuparia subsp. glabrata). The 
described trends are symptoms of forest return to areas that in the past were disturbed because 
of intensive grazing (Gehrig-Fasel et al. 2007; Ameztegui et al. 2015). The treeline in the 
Tatra Mts was lowered by over 300 m due to intensive historical sheep grazing, and it is 
slowly regaining the high elevations from before the times of human settlement (Radwańska-
Paryska & Paryski 1995; Kaczka et al. 2015).  
 
 
 
 22 
 
Impact of tourism on changes in the flora of the Tatra Mts 
 
Half of the surveyed mountain summits (including Ornak, Ciemniak and Giewont) are 
currently available for tourism. These summits are visited each year by a high number of 
tourists, which results in intensive trampling, soil compaction, erosion and their colonization 
by anthropophytes (e.g. Poa annua and Plantago major). Species whose frequencies reduced 
on the summits disturbed by tourism are plants with a relatively high preference for nutrient-
rich soils and low resistance to trampling and erosion-related leaching of nutrients from the 
soil (e.g. Arabis soyeri, Aster alpinus and Doronicum clusii). Under such conditions, only 
clonal tufted plants with low requirements for nutrients survive (e.g. Festuca airoides, J. 
trifidus and O. disticha). Another surviving species is the investigated C. lachenalii, for which 
the density increased with the decreasing distance from tourist hiking paths. In the absence of 
competition from herbs and dwarf shrubs, C. lachenalii gradually colonized microhabitats 
created as an effect of trampling, while benefiting from the anthropogenic dispersal of 
diaspores attached to the footwear and clothing of tourists (Whinam et al. 2005). 
 
Conclusions 
 
The impact of climate warming on changes in the species composition of flora on the 
Tatra Mts summits was poorly expressed and clearly manifested only in those areas that were 
not used for intensive grazing in the past due to their low accessibility. The reduced number 
of days with snowfall during the year, together with the longer growing season caused 
considerable changes in the species composition of vegetation in alpine snowbeds, but could 
also promote the shift in the upper limit of distribution for C. lachenalii to higher elevations. 
Cessation of sheep grazing was the main cause for change in the species composition of 
vegetation on granite grasslands and the flora of summits more accessible to sheep, which is 
evidenced by the regeneration of forest vegetation in the areas where grazing was abandoned. 
While climate change and the cessation of grazing were equally important factors modifying 
the species composition of vegetation in the Tatra Mts, the impact of tourism in my study was 
less pronounced and expressed inter alia in the anthropogenic dispersal of C. lachenalii.  
Climate warming combined with change in land use may reduce the diversity of 
vegetation. This process creates a real threat to the diversity of the vegetation of the Tatra Mts 
and should be considered in the conservation plans for mountain areas of different status. 
Therefore, in order to preserve the high diversity of habitats and maintain the population of 
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species that are the rarest components of the native flora of the Tatra Mts, I propose 
channelling tourist activity in areas used most intensively to prevent excessive pressure in 
areas adjacent to tourist infrastructure, and introducing forms of active protection (e.g. 
traditional grazing) in some areas used for that purpose in the past.  
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Abstract Changes in the local flora of mountains are
often explained by climate warming, but changes in
grazing regimes may also be important. The aim of
this study was to evaluate whether the alpine flora on
summits in the Tatra Mts, Poland and Slovakia, has
changed over the last 100 years, and if the observed
changes are better explained by changes in sheep
grazing or climate. We resurveyed the flora of 14
mountain summits initially investigated in the years
1878–1948. We used ordination methods to quantify
changes in species composition. We tested whether
changes in plant species composition could be
explained by cessation of grazing and climate change,
and whether these factors have influenced shifts in
Ellenberg’s plant ecological indicator values and
Raunkiaer’s life forms. Changes in alpine flora were
greater on lower elevation summits, and lower on
summits less accessible for sheep. More accessible
summits were associated with a decrease in mean
values of plant species’ light ecological indicator
values over time, and a concurrent increase in
temperature and nitrogen ecological indicator values.
No significant relationships were found between
accessibility for sheep and changes in Raunkiaer’s
life-forms. Greater accessibility for sheep (meaning
high historical grazing pressure) led to greater com-
positional changes of mountain summits compared
with summits with low accessibility. Our results
suggest that cessation of sheep grazing was the main
factor causing changes in the species composition of
resurveyed mountain summits in the Tatra Mts, while
climate change played a more minor role.
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Introduction
Many studies have found that the majority of alpine
species have recently shifted their ranges upwards
(e.g. Lenoir et al. 2008; Kerr and Dobrowski 2013;
Lenoir and Svenning 2015). In most cases, these shifts
are explained by an increase in temperature resulting
from climate warming (Chen et al. 2011; Felde et al.
2012; Lenoir and Svenning 2013; Engler et al. 2011;
Pauli et al. 2007, 2012). However, changes in alpine
flora can also be caused by factors other than climate
warming, such as changes in management activities
(Klanderud and Birks 2003). Most studies on eleva-
tional range shift have been performed in the European
Alps (Parolo and Rossi 2008; Matteodo et al. 2013),
Apennines (Stanisci et al. 2016), or across the
European mountains (Gottfried et al. 2012; Winkler
et al. 2016), and there are only a few in high-elevation
areas of the Carpathian range (e.g. Witkowska- _Zuk
and Ciurzycki 2000).
The Tatra Mts are the highest parts of the Carpathi-
ans. These mountains, like other European mountain
ranges (e.g. Alps, Pyrenees and Scandes) are charac-
terized by a large variety in the relief, bedrock, slope
and aspect conditions, which contribute to the presence
of many local microclimates and lead to great variation
of often unusual microhabitats with a relatively small
area (Kliment et al. 2010). There had also been a long
tradition of shepherding (since the fifteenth century)
over almost the whole elevational range (Drozdowski
et al. 1961). Since 1955 sheep grazing started to
decrease, and after the 1970s had completely disap-
peared in the study area (Mirek 1996). This makes high
mountain areas such as the Tatra Mts an ideal place for
comparing the potential effects of climate change, with
those driven by changes in landscape use on shifts in
alpine plant species composition.
Grazing may increase plant diversity by reducing
competition and creating environmental heterogeneity
(Adler et al. 2001; Austrheim and Eriksson 2001; Dupre´
and Diekmann 2001; Pavlu˚ et al. 2005; Amezaga et al.
2004; Baur et al. 2006; Onipchenko et al. 2009). The
cessation of grazing, however, has often been found to
cause a reduction in local biodiversity (Dupre´ and
Diekmann 2001; Pavlu˚ et al. 2005; Baur et al. 2006).
Even a short period of abandonment may increase the
risk of local extinction (Losvik 1999), while vegetation
cover increases simultaneously (Vassilev et al. 2011). In
mountain areas, the rate at which species composition
changes due to cessation of grazing is slower at higher
elevations (Kucharzyk and Augustyn 2010). Alpine
flora response to shifts in grazing regimes also depends
on soil conditions (Witkowska- _Zuk and Ciurzycki
2000; Bas¸nou et al. 2009).
The aim of our study was (1) to determine temporal
changes in plant composition and ecology of mountain
summits in the Western, High and Belianske Tatra
Mts, and (2) to identify the role of climate change and
cessation of grazing in shaping the flora of the selected
mountain summits. This was done by resurveying 14
mountain summits that were initially surveyed by
botanists in the period between 1878 and 1948. To
achieve the study aims we used a set of Ellenberg’s
ecological plant indicators (EIVs) in modification by
Zarzycki et al. (2002) and Raunkiaer’s plant life forms
(Raunkiaer 1905).
The climate change is one of the most important
environmental factors driving compositional shifts in
alpine flora and vegetation at high elevations. Its main
drivers are: increase in temperature (Parolo and Rossi
2008; Michelsen et al. 2011; Evangelista et al. 2016),
decrease in snow cover duration (Carbognani et al.
2014; Sandvik and Odland 2014) and change in
precipitation combined with increase in atmospheric
nitrogen deposition (Ko¨rner 2003; Hole and Engardt
2008; Bobbink et al. 2010). Thus, we assumed that on
less accessible mountain summits, where the historical
land use was limited, changes in the flora were driven
mainly by climate change. We expected the increased
proportion of species (1) with higher value of
temperature indicator (EIV-T), linked to increased
temperature; (2) with higher value of nitrogen indica-
tor (EIV-N) connected with increased deposition of
nitrogen and (3) with lower value of moisture indicator
(EIV-F), linked to shortening of the snow cover
duration. The increasing proportion of high EIV-N
species is assumed to be accompanied by increase in
share of phanerophytes, woody chamaephytes and
species typical to forests and shrub understory (geo-
phytes), which is a sign of the treeline progression (e.g.
Camarero and Gutie´rrez 2007; Gehrig-Fasel et al.
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2007; Durak et al. 2015). Concurrently, the number of
plants typical to open habitats (non-woody chamae-
phytes, hemicryptophytes and therophytes) was
expected to decrease in comparison with the initial
sampling period.
On more accessible mountain peaks the effect of
climate change may be overwhelmed by the effect of
changes in landscape use (e.g. Klanderud and Birks
2003; Becker et al. 2007; Frei et al. 2010; Felde et al.
2012; Speed et al. 2012). Thus, we expected, in
comparison with the initial sampling period, the
increase of the proportion of species (1) usually found
in the understory of shrub and forest communities
(lower light indicator EIV-L; Pavlu˚ et al. 2007; Evju
et al. 2009; Wesołowska 2009) due to grazing
cessation; (2) with higher value of moisture EIV-F
(Wesołowska 2009; Vassilev et al. 2011) and (3)
nitrogen indicator (EIV-N) due to the buildup of
nutrient-rich soil humus (Krahulec et al. 2001; Mat-
teodo et al. 2013). In addition, we expected that, in
comparison with the historical data, the share of
phanerophytes, woody chamaephytes and geophytes
(mostly associated with forest and shrub understory)
will increase, whereas the share of open-habitat
species (non-woody chamaephytes, hemicryptophytes
and therophytes) will decrease in effect of the grazing
abandonment.
The other environmental factors which may influ-
ence shifts in mountain flora and vegetation are
tourism (e.g. Scherrer and Pickering 2006; Ja¨gerbrand
and Alatalo 2015) and grazing by wild ungulates
(Motta 1996). Thus, we hypothesized that in effect of
trampling-caused soil compaction and erosion, the
proportion of species that are usually found on
nitrogen-poor soils (lower EIV-N), as well as the
number of therophytes will increase in comparison
with the first sampling period. We also predicted that
increasing grazing by wild ungulates (e.g. chamois,
brown bears and marmots) may increase the propor-
tion of species with higher value of light indicator
(EIV-L).
Materials and methods
Study area
The Tatra Mts are characterized by elevational belts of
particular vegetation communities or mosaics. The
lowest belt (700–1250 m a.s.l.) consists of mixed
forests, today dominated by Norway spruce (Picea
abies (L.) H. Karst), silver fir (Abies alba Mill.) and
some beech (Fagus sylvatica L.). Beech forest is more
common on the Polish side of the Tatra Mts, and its
occurrence depends on the presence of limestone in
bedrock (Maycock et al. 2000). The higher forest belt
(1250–1550 m a.s.l.) is dominated by Norway spruce
forest and Swiss pine (Pinus cembra L.) in some areas.
The dwarf pine (Pinus mugo Turra) belt occupies areas
above the treeline (to 1800 m a.s.l.), and then the
vegetation graduates into alpine granite and limestone
grasslands (Pie˛kos´-Mirkowa and Mirek 1996). In
addition, hygrophilous tall herb communities domi-
nated by Adenostyles alliariae A. Kern., Aconitum
firmum Rchb. and Athyrium distentifolium Tausch ex
Opiz develop along the mountain streams in all zones
(Wojterska and Wojterski 2007).
Data collection
The study was carried out in July 2014 on 14 summits
across the Tatra Mts:Western, High and Belianske in
Poland and Slovakia (Fig. 1; Table 1). Historical data
on the flora of the summits investigated by us date
back to the years 1878–1948 (Kotula 1889–1890;
Sagorski and Schneider 1891; Pawłowski 1956),
though not every author visited every summit in our
dataset (Table 1). Despite the fact that the time period
of historical sampling was relatively long, we assumed
a low rate of vegetation transformations in the time
period 1880–1950 due to only slight changes in
environment. The compositional shifts in mountain
flora probably accelerated after the cessation of
grazing (Drozdowski et al. 1961) and the beginning
of more pronounced climate changes after the 1950s
(IPCC 2007, 2014). We resurveyed each summit in
teams of two or three persons, spending one day on
each study site, recording the vascular flora and then
comparing our lists of species to those previously
recorded. As historical botanists did not provide
information about species’ abundances, we assumed
that plant species were recorded using the presence/
absence scale. In some of the initial studies the exact
elevation of the observation from the slopes is noted,
but more commonly it is only noted that a survey was
carried out on the summit. Similar to historical
authors, we first recorded species from the summit
and then, going down, we recorded plants on the
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slopes in the nearest vicinity of paths, which was the
most popular method in botanical studies dating back
to the nineteenth century (Kotula 1889–1890;
Sagorski and Schneider 1891; Pawłowski 1956). The
most inaccessible summits (Giewont, Rysy, Mie˛gus-
zowiecki Szczyt Czarny, Kopa Magury, Krzesanica)
usually had only one path leading to their peak. More
accessible peaks are reached via old tourist trails
established at the end of the nineteenth century.
Therefore, there is quite a high certainty that historical
botanists recording mountain flora in the Tatra Mts
walked the same paths as we did in 2014. Due to the
lack of historical data defining the ‘‘summit’’, we
assumed the elevation range to be from the top to 50 m
below the summit. We also evaluated the sensitivity of
using the 50 m threshold by repeating the species
composition part of the analysis (RDA) with time as an
explanatory variable with different thresholds (from 0
to 10, 20, 50 and 100 m below the summit) and using
these different thresholds gave no major differences in
our results (Online Resource 1).
We compared the average indicator values for the
species recorded historically and recently. Due to the
high number of Carpathian endemics and sub-en-
demics which are absent from the original Ellenberg’s
scale (1992), we used ecological indicator values from
Zarzycki et al. (2002) to characterize the plant species’
ecological requirements for light (EIV-L), tempera-
ture (EIV-T), soil moisture (EIV-F) and nitrogen (soil
nutritional requirement indicator corresponding to
plant productivity, EIV-N). As suggested by Ellenberg
et al. (1992), ecological indicator values reflect the
ecological requirements of the species, which may be
used as indicators of changes in the environment, with
a caution that ecological indicator values reflect the
realized niche, that is, the outcome of a complex of
environmental factors acting over time (e.g. Chytry´
et al. 2009; Smart and Scott 2009). Therefore, we
explored the relationships between different indicator
values for the merged datasets using Pearson’s corre-
lation method (Online Resource 2). We also compared
the number of species representing Raunkiaer’s life
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Fig. 1 Location of the study area on the border of Poland and
Slovakia. Names of summits sja Szeroka Jaworzyn´ska, haw
Hawran´, orn Ornak, sla Sławkowski Szczyt, nos Nosal, swi
Szalony Wierch, kam Kamienista, kma Kopa Magury, krz
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forms (following Raunkiaer 1905) between the two
sampling periods. We classified recorded species as
follows: phanerophytes (plants with resting buds more
than 25 cm above soil level), woody and non-woody
chamaephytes (plants with resting buds no more than
25 cm above soil level), hemicryptophytes (plants
with resting buds at or near the soil surface), geophytes
(resting as rhizomes, stem tubers, root tubers and
bulbs), and therophytes (surviving unfavourable sea-
sons in the form of seeds).
The list of plant species recorded on the surveyed
summits historically and recently is presented as
Online Resource 3. The nomenclature of species
follows Euro ? Med (2006). All species of the genus
Table 1 Characteristics of resurveyed mountain summits
Summit Abbr. Elevation
[m a.s.l.]
Author(s) of first
sampling with date of
publishing
Dates
of first
sampling
Bedrock
type
Accessibility for sheep
% of
screes
and
rock
faces
Slope Accessibility
class
Nosal nos 1206 Sagorski and Schneider (1891) 1878–1888 calcareous \ 60 50–40 4
Ornak orn 1854 Sagorski and Schneider (1891) 1878–1888 granite \ 60 50–40 4
Kopa Magury kma 1704 Kotula (1889–1990) 1879–1885 calcareous 60–70 50–60 3
Sagorski and Schneider (1891) 1878–1888
Szczerba
Giewontu
gwr 1894 Sagorski and Schneider (1891) 1878–1888 calcareous 60–70 50–60 3
Giewont gws 1894 Sagorski and Schneider (1891) 1878–1888 calcareous 70–80 60–70 2
Pawłowski (1956) 1922–1948
Szalony Wierch swi 2061 Kotula (1889–1990) 1879–1885 calcareous \ 60 50–40 4
Sagorski and Schneider (1891) 1878–1888
Ciemniak cmn 2096 Kotula (1889–1990) 1879–1885 calcareous \ 60 50–40 4
Sagorski and Schneider (1891) 1878–1888
Pawłowski (1956) 1922–1948
Krzesanica krz 2122 Kotula (1889–1990) 1879–1885 calcareous 60–70 50–60 3
Sagorski and Schneider (1891) 1878–1888
Pawłowski (1956) 1922–1948
Kamienista kam 2126 Kotula (1889–90) 1879–1885 granite \ 60 50–40 4
Sagorski and Schneider (1891) 1878–1888
Szeroka
Jaworzyn´ska
sja 2210 Sagorski and Schneider (1891) 1878–1888 granite 70–80 60–70 2
Hawran´ haw 2152 Sagorski and Schneider (1891) 1878–1888 granite 60–70 50–60 3
Pawłowski (1956) 1922–1948
Mie˛guszowiecki
Szczyt Czarny
msc 2410 Kotula (1889–90) 1879–1885 granite 80–90 70–80 1
Pawłowski (1956) 1922–1948
Sławkowski
Szczyt
sla 2452 Kotula (1889–1990) 1879–1885 granite 70–80 60–70 2
Sagorski and Schneider (1891) 1878–1888
Rysy rys 2503 Kotula (1889–90) 1879–1885 granite 80–90 70–80 1
Sagorski and Schneider (1891) 1878–1888
Pawłowski (1956) 1922–1948
Accessibility classes 1—summits with 80–90% of screes and rock faces and slope 70–80; 2—summits with 70–80% of screes and
rock faces and slope 60–70; 3—summits with 60–70% of screes and rock faces and slope 50–60; 4—summits with screes and rock
faces below 60% and slope 50–40
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Alchemilla L. were withdrawn from all analyses due to
taxonomical uncertainties in the historical records and
species identification difficulties in the field. The
taxonomy of some species has changed since the
nineteenth century (e.g. Cerastium L. and Festuca L.
genera) and, therefore, we carefully checked all
historical species names and harmonized them with
the current nomenclature.
Climate change
Meteorological observations started in the Tatra Mts
in the 1960s at Kasprowy Wierch (1987 m a.s.l.) and
Łomnica (2635 m a.s.l.) Meteorological Observato-
ries. In the 100 years before the 1950–1960s, the
global surface temperature fluctuations did not show
any pronounced trends (IPCC 2007, 2014); the most
dramatic temperature increase took place from the
1950–1960s onward, in parallel with the rapid global
increase in industrial development. During the period
between 1960 and 2015 a significant increase in mean
annual temperature was observed on Kasprowy
Wierch (R2 = 0.22, p = 0.006; Online Resource 4)
and Łomnica (R2 = 0.46, p\ 0.001). Mean annual
rain precipitation increased on Łomnica (R2 = 0.49,
p\ 0.001), and the number of days with rain
increased on Kasprowy Wierch (R2 = 0.19,
p = 0.008). As an effect of increased temperature
and rain precipitation, the number of days with snow
decreased on Łomnica (R2 = 0.17, p = 0.007).
Sheep grazing
The Tatra Mts have been grazed since the fifteenth
century (Kolowca 1955; Paryski 1959; Figuła et al.
1960). Sheep (Ovis aries L.) grazing increased over
the following centuries, with increasingly higher
elevation areas being exploited due to increasing
population density. At the end of the nineteenth and
the beginning of the twentieth century, the number of
sheep was relatively stable with the peak between the
First and the Second World War (approximately 30
thousand sheep; Radwan´ska-Paryska and Paryski
1995). However, as an effect of changes in the land
ownership structure and the establishment of the Tatra
National Park on the Slovakian side (TANAP) in 1949
(Radwan´ska-Paryska and Paryski 1995) and the Tatra
National Park on the Polish side (TPN) in 1955, sheep
grazing started to decrease on all mountain grasslands
and had disappeared by the end of the 1970s (Mirek
1996). Today the only large grazing herbivores in this
area are chamois—Rupicapra rupicapra tatrica Bla-
hout (about 300 individuals; Zieba and Zwijacz
Kozica 2004), with brown bears—Ursus arctos L.
(about 45 individuals on both the Polish and Slovakian
sides; Tatra National Park, unpubl.) and marmots—
Marmota marmota latirostris Kratochvı´l (about 1000
individuals in the Tatra Mts; Gasienica-Byrcyn 2009).
On high-elevation grasslands, domestic grazing
was only possible by sheep and goats, due to terrain
steepness resulting in the exposure of rock formations
on the trails, and the relatively long distance from
farms to pastures. However, in the time period of
historical sampling, grazing by goats did not play an
important role in the Tatra Mts (Radwan´ska-Paryska
and Paryski 1995). Today, domestic grazing by sheep
is absent, whereas grazing was heavy in all accessible
areas at the time of the initial surveys. Due to the
absence of reliable data on the historical number of
sheep on each resampled summit, we assumed that
sheep grazed where the terrain was accessible for
them. We, therefore, adopted accessibility for sheep as
a proxy of grazing intensity at the time of the initial
survey. We classified the summits into four accessi-
bility classes according to the presence of steep slopes
and bare rock, from the most inaccessible (class 1:
predominantly screes, rock faces and slopes greater
than 45) to the most accessible (class 4: gentle slopes
(40–50) and rounded summits with less than 60%
covered by screes or rock faces), using maps of the
Western and High Tatra Mts in Poland and Slovakia
(Siwicki et al. 2002–2003, 2003–2004; details of
classification are given in Table 1). This was assumed
to reflect the intensity of historical grazing by sheep in
contrast to today, when sheep grazing is absent in the
study area due to establishment of the Tatra National
Park.
Data analyses
For statistical processing we used R (R Core Team
2017). To check whether there was a statistically
significant change in species composition between the
old and the new surveys we performed redundancy
analysis (RDA) with time as an explanatory variable,
and tested for significance using a permutation test
with randomization restricted to within individual
summits (the level of significance was set at
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p = 0.05). To find out the magnitude of changes in
species composition we subsequently performed an
unconstrained ordination using detrended correspon-
dence analysis (DCA). To check whether there were
changes in the mean value of ecological indicators, as
well as in the number of species representing different
life forms between the historical and resampled
dataset compiling all summits, we used a paired
t test. To evaluate dissimilarities in plant species
composition between the two time periods, for each
summit we calculated the Bray–Curtis compositional
dissimilarity index (BC) based on presence/absence
data. To evaluate whether there was an effect of sheep
accessibility on changes in species composition, we
used linear regression. Thus, we compared the Bray–
Curtis dissimilarity index, changes in mean values of
ecological indicators, and changes in the number of
species representing different life forms over the two
time periods with the impact of grazing (defined as
accessibility for sheep). To find whether there was a
significant change in species’ frequency between the
two sampling periods we used a v2 test. Due to the high
proportion of rare species at high elevations we tested
only those species that appeared at least five times in at
least one dataset, either historical or resampled,
reducing the number of species analysed from 413 to
139. To check the robustness of changes in this
threshold we also tested species that appeared at least
three times in at least one dataset, reducing the number
of species analysed to 204.
The ecological significance of results was
expressed by p values, determination coefficients R2
and size effects, which increased reliability of their
interpretation (Nakagawa and Cuthill 2007; Steel et al.
2013).
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Fig. 2 Ordination (DCA) of sites showing the patterns of
species composition change on the summits. Filled symbols—
historical data; empty symbols—recent data. Full names of
summits with corresponding abbreviations are given in Table 1
and in Fig. 1. Numbers after names of summits mean elevation
above sea level (in metres)
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Fig. 3 Relationship between accessibility of summits for sheep
and changes in species composition calculated by the Bray–
Curtis method. Determination coefficients R2 and p values are
shown
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Results
A permutation test of constrained redundancy ordina-
tion (RDA) showed a statistically significant change in
species composition between the two time periods
(pseudo-F14,13 = 1.48, p = 0.005; Online Resource
1). DCA analysis showed different magnitudes of
compositional change for different summits (Fig. 2):
on the highest summits ([ 2100–2200 m a.s.l., left
side of DCA-axis 1, e.g. Szeroka Jaworzyn´ska,
Kamienista, Rysy and Mie˛guszowiecki Szczyt
Czarny) species composition changes were smaller
than on lower summits (around 2000 m a.s.l.; middle
of the DCA-axis 1, e.g. Kamienista, Szalony Wierch,
Szczerba Giewontu and Kopa Magury).
Neither average values of ecological indicators, nor
the number of species representing Raunkiaer’s life-
forms between the two sampling periods changed
significantly over time (Online Resource 5).
Accessibility of summits for sheep influenced the
changes in the species composition (Fig. 3). We found a
significant positive relationship between accessibility
and Bray–Curtis compositional dissimilarity
(R2 = 0.23, p = 0.04), with the most dramatic changes
in species composition observed on the summits with
the easiest access (BC[ 0.60; e.g. Ornak, Szalony
Wierch, Kamienista and Ciemniak). Sheep accessibil-
ity, which is a proxy for intensity of historical grazing,
significantly influenced the changes in the means of
EIV-L, EIV-T and EIV-N (Fig. 4a–d). The change in
EIV-L was negatively associated with increasing
accessibility of summits for sheep (R2 = 0.51,
p = 0.002). The EIV-L value decreased on average by
about 0.15 on the most accessible summits and
increased by about 0.19 on the most inaccessible
mountain peaks (Fig. 4a). Changes in EIV-T and EIV-
N were associated positively with sheep accessibility
(R2 = 0.52, p = 0.002 and R2 = 0.57, p = 0.001,
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respectively). The most dramatic increases of mean
EIV-T and EIV-N were found on summits which were
the most accessible for sheep (about 0.12 and 0.15 on
average, respectively). On the most inaccessible peaks,
mean values of these ecological indicators decreased by
about 0.22 for EIV-T and 0.28 for EIV-N on average.
Patterns of changes in mean of EIV-F (Fig. 4c) and
changes in proportion of Raunkiaer’s life forms in
relation to accessibility of summits for sheep were less
pronounced and non-significant (Online Resource 6).
Of the 139 examined species, with five or more
records in at least one dataset, five plant species showed
significant increase in frequency between the two
sampling periods. This group included one tree
species—Picea abies (L.) H. Karst. (v2 = 6.00,
p = 0.01, change of six occurrences), two woody
chamaephytes: Vaccinium myrtillus L. (v2 = 5.40,
p = 0.02, change of eight occurrences) and V. vitis-
idaea L. (v2 = 6.25, p = 0.01, change of eight
occurrences), one grass species—Anthoxanthum alpi-
num A´. Lo¨ve and D. Lo¨ve (v2 = 5.33, p = 0.02,
change of four occurrences) and one herb—Pedicu-
laris verticillata L. (v2 = 4.00, p = 0.04, change of
four occurrences). Expanding the set of analysed
species to all those which appeared at least three times
in at least one dataset, added only one more species
that significantly decreased its frequency between
the sampling periods: Saxifraga adscendens
L. (v2 = 4.50, p = 0.03, change of six occurrences).
Discussion
Plant species composition change
The summit flora of the Tatra Mts has changed
significantly over the last 100 years. The largest
changes were observed on the lower summits and on
the summits that were accessible for sheep. As we
found the strongest correlations between EIV-L and
EIV-T (Pearson’s r = - 0.45, p\ 0.001), and
between EIV-L and EIV-N (Pearson’s r = - 0.41,
p\ 0.001), changes in mean values of these indicators
in relation to environmental impacts should be con-
sidered in tandem with one another. EIV-F was least
strongly correlated with other EIVs and, therefore, we
can be confident that changes in mean values of this
indicator were independent of changes of other EIVs
(Online resource 2).
Effect of historical sheep grazing
On the summits accessible for sheep we found more
species that are indicators of shrub and forest under-
story (lower EIV-L; Fig. 4a), more plants associated
with warmer climates (higher EIV-T; Fig. 4b) and
more species typical to more nitrogen-rich soils (higher
EIV-N; Fig. 4d) today than were found in the initial
sampling. This is in line with other studies reporting
that changes in grazing intensity account for vegetation
dynamics in alpine areas. Today alpine and subalpine
grasslands are characterized by a reduction in the
proportion of species that are indicators of open
habitats and a larger proportion of plants typical to
more nitrogen-rich soils compared with historical
communities (e.g. Amezaga et al. 2004; Pavlu˚ et al.
2007; Evju et al. 2009; Austrheim et al. 2008;
Wesołowska 2009; Vassilev et al. 2011). The colo-
nization of more accessible summits by species that are
usually found on more nitrogen-rich soils (e.g.
Adenostyles alliariae A. Kern., Lactuca alpina (L.)
A. Gray and Senecio nemorensis L.; EIV-N: 4.0) may
be facilitated by the buildup of nutrient-rich soil
humus, which can develop already three years after
abandonment of mountain grasslands (Krahulec et al.
2001; Matteodo et al. 2013). The tall herb canopy in
turn creates favourable growth conditions for seedlings
of shrubs and trees, leading to shrub- and tree canopy
development (e.g. Gehrig-Fasel et al. 2007; Batllori
et al. 2010; Ameztegui et al. 2015). We recorded one
phanerophyte (P. abies) and two woody chamaephytes
(V. myrtillus and V. vitis-idaea) which significantly
increased their frequency over the sampling periods,
corresponding with an increase in the number of
species of phanerophytes and woody chamaephytes
over time (by about 1.71 and 0.29, respectively; Online
Resource 5). Along with canopy development, more
species typical of the understory of broadleaved (e.g.
Carex sylvatica Huds., Mercurialis perennis L. and
Cystopteris fragilis (L.) Bernh.; EIV-L: 2.0–2.5) and
spruce forests (e.g. Dryopteris dilatata (Hoffm.) A.
Gray, Luzula luzulina (Vill.) Racib. and Phegopteris
connectilis (Michx.) Watt; EIV-L: 2.0) may colonize
abandoned grasslands. All of them are hemicrypto-
phytes or geophytes, which increased their numbers on
the most accessible summits (change by 13.00 and 4.50
species on average, respectively; Online Resource 6).
Thus, local climatic conditions under the canopy may
become milder in comparison with open surroundings,
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where strong winds and frosts occur more frequently.
In effect, more species that usually occur in commu-
nities of warmer climates appear on abandoned
mountain areas with some canopy development (e.g.
Gehrig-Fasel et al. 2007; Batllori et al. 2010;
Ameztegui et al. 2015). We found more of species
typical to warmer climates on the most accessible
summits (Fig. 4b) in comparison with the initial
sampling period (e.g. C. sylvatica, Gymnadenia
conopsea (L.) R. Br., Melampyrum pratense L. and
M. perennis; EIV-T: 3.5–4.0). This is an effect of the
treeline upward shift, which is commonly observed in
European mountain regions affected by change in land-
use regimes. The treeline in the Tatra Mts has still not
reached the pre-settlement elevation, and it is regaining
high elevations very slowly. The treeline in the Tatra
Mts was lowered by 315 m due to high historical
grazing intensities (Radwan´ska-Paryska and Paryski
1995) and shifted upward only about 20 m over the
period 1949–2009 (Kaczka et al. 2015).
Overall, the patterns we found indicate that grazing
abandonment causes the replacement of the more
specialized plant species (small-sized herbs and
graminoids) by generalists: large graminoids, tall
herbs, shrubs and trees (Theurillat and Guisan 2001;
Dullinger et al. 2003; Amezaga et al. 2004; Baur et al.
2006; Sheil 2016; Campagnaro et al. 2017; Chelli et al.
2017). Thus, changes in land use lead to the homog-
enization of mountain flora and vegetation (Amezaga
et al. 2004; Baur et al. 2006; Sheil 2016), and
constitute a serious threat for plant species diversity
of lower elevation mountain grasslands that are
located below the treeline, which are hotspots of
biodiversity (Chemini and Rizzoli 2003; Sitzia et al.
2010).
Climate change
In most of the recent papers on shifts in alpine flora,
climate warming is the focal explanatory factor (Lenoir
et al. 2008; Chen et al. 2011; Felde et al. 2012; Lenoir
and Svenning 2013; Engler et al. 2011; Pauli et al.
2007, 2012). It is expressed by significant ther-
mophilization of alpine flora and vegetation, i.e. the
replacement of cold-adapted species by species usually
found in communities of warmer climates both on local
(e.g. Evangelista et al. 2016) and continent-wide scales
(e.g. Gottfried et al. 2012). Over the last 50 years the
mean annual air temperature in the high parts of the
Tatra Mts has significantly increased (Online Resource
4). However, in our study the trend in ecological
indicator values was the opposite of what was expected
if climate warming was responsible for the shifts in
species composition on these mountains. On the most
inaccessible summits we revealed a decrease in the
proportion of plant species that are usually found in
communities of relatively warmer climates (e.g. Gyp-
sophila repensL.,Saxifraga aizoidesL.,S. caesiaL. and
S. paniculata Mill.; EIV-T: 2.0–2.5). These plants are
non-woody chamaephytes, whose number decreased
(by 1.50 species on average) on summits with the
smallest access (Online Resource 6). This tendency may
be caused by a decrease in the number of days with snow
observed in the Tatra Mts (Online Resource 4). Earlier
snowmelt increases plant exposure to wind and frost,
which some more warm-demanding species are unable
to tolerate (Grytnes et al. 2014). This is explained by
damage caused by frosts and winds to the resting buds of
alpine specialists due to shortening of snow cover
duration and decreased accessibility to water during the
summer due to the lack of melting snow (Hiller et al.
2005). As a consequence, the most specialized wet-
demanding plant communities (e.g. snowbeds) are
colonized by generalists that are usually found on drier
soils (Carbognani et al. 2014). Thus, mountain plant
communities become more homogeneous: species
composition of snowbeds becomes more similar to
granite grasslands, constituting a serious threat for the
diversity of the most extreme-specialized plants and
species assemblages (Theurillat and Guisan 2001;
Olden et al. 2004; Lenoir et al. 2008; Olden et al.
2004; Britton et al. 2009; Erschbamer et al. 2011; Ross
et al. 2012; Ja¨gerbrand and Alatalo 2015).
The mean values of the EIV-F were greater on more
inaccessible summits (change by about 0.78 on aver-
age; Fig. 4c). This may suggest an increase in plants
that are usually found on moister soils, following the
significant increase in rain precipitation observed in the
Tatra Mts over the time interval 1960–2015 (Online
Resource 4). However, this tendency contradicts the
most commonly observed effects of climate change,
i.e. colonization of alpine grasslands and snowbeds by
species mostly associated with drier soils (e.g. Sandvik
and Odland 2014). On the other hand, many studies
found weak relationships between EIV-F and precip-
itation, as well as ground water level, since the actual
availability of water to plants is a complex issue (e.g.
Renetzeder et al. 2010; Carpenter and Goodenough
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2014; Filibeck et al. 2015). Moreover, ecological
indicators are formalized values, and they represent an
integration over time rather than referring to environ-
mental conditions at a specific moment (e.g. Chytry´
et al. 2009; Smart and Scott 2009; Renetzeder et al.
2010; see also Materials and Methods), which in our
opinion was mostly expressed in case of EIV-F. Thus,
we consider the observed increase in EIV-F as an
artefact caused using indicator values (Zeleny´ and
Schaffers 2012).
Combined effect of historical sheep grazing
and recent climate change
Since the intensity of grazing has been high in the
Tatra Mts, the cessation of grazing could interact with
the effect of climate warming on more accessible, low-
elevation summits (e.g. Dullinger et al. 2003; Klan-
derud and Birks 2003; Frei et al. 2010; Michelsen et al.
2011; Felde et al. 2012; Speed et al. 2012). An
observed increase in plant EIV-N on these mountain
peaks may be an effect of grazing abandonment
resulting in the process of soil humus buildup, which
could facilitate the colonization of grasslands by
species typical to more nitrogen-rich soils (Krahulec
et al. 2001; Matteodo et al. 2013; Vassilev et al. 2011).
On the other hand, the appearance of such species
could be reinforced by the increased atmospheric
nitrogen deposition in the soil due to increased rain
precipitation (e.g. Bobbink et al. 2010; Matteodo et al.
2013; Evangelista et al. 2016) observed in the Tatra
Mts over the past 50 years (Online Resource 4).
Another consequence of the interaction of both
environmental factors may be treeline upward shift
(e.g. Gehrig-Fasel et al. 2007; Batllori et al. 2010;
Ameztegui et al. 2015), more pronounced on more
accessible summits where effects of cessation of
grazing and recent climate overlap.
Potential impact of wild ungulates and recent
tourism
The proportion of species that are indicators of open
habitats (high EIV-L), e.g. Antennaria carpatica
(Wahlenb.) Bluff & Fingerh., A. alpinum and
Hypochaeris uniflora Vill. (EIV-L: 4.0) increased on
more inaccessible summits (Fig. 4a). An explanation
for this pattern could be the increase in wild herbivores
(mainly chamois), from 77 chamois above the treeline
in 1957 to 273 in 1986 on the Polish side of the Tatra
National Park (Zie˛ba and Zwijacz-Kozica 2004). The
density of chamois today is very low compared with
historical sheep numbers (approximately 30 thousand;
Radwan´ska-Paryska and Paryski 1995), and so the
change in chamois density was unlikely to have a
significant role in the observed changes in the areas
which were accessible for sheep. However, this could
explain the increase in the relative amount of open-
habitat species on the summits that were not accessible
for sheep (Fig. 4a), but explored by the more nimble
chamois, as their increased number would result in an
overall increase of grazing intensity in such areas.
An explanation for the observed decrease in the
proportion of species mostly associated with more
nitrogen-rich soils on summits less accessible for
sheep (Fig. 4d) may be recent tourism, which through-
out the twentieth century gained intensity (Mirek
1996). Seven studied summits showed signs of tourism
impact: trampling, soil compaction, erosion, and
colonization by anthropophytes: Poa annua L. and
Plantago major L. (Ornak, Sławkowski Szczyt, Nosal,
Krzesanica, Rysy, Ciemniak and Giewont). At the
same time, only a few alpine species highly resistant to
trampling, such as tufted grasses and sedges, still
persisted (e.g. A. alpinum, Festuca airoides Lam.,
Juncus trifidus L. and Oreochloa disticha (Wulfen)
Link; EIV-N: 2.0–3.0). A significant increase in the
frequency of A. alpinum in the direct vicinity of tourist
trails is associated with retreat from grasslands
abandoned from grazing, and suggests that A. alpinum
colonized habitats disturbed by moderate trampling.
Similar tendencies were observed for other clonal
graminoids, for instance the horizontal spread of
Carex lachenalii Schkuhr is enhanced due to moder-
ate trampling (Czortek et al. 2017). Other species
which could colonize areas disturbed by trampling are
therophytes (e.g. Linum catharticum L. and P. annua),
which increased their number on the most accessible
summits (change of 3.00 species on average). In
contrast, other plants (e.g. herbs typically occurring on
more nitrogen-rich soils) disappear under very high
tourist pressure (Grabherr 1982; Scherrer and Picker-
ing 2006; Ja¨gerbrand and Alatalo 2015). Plant species
that decreased their frequency under intensive tram-
pling are: Arabis soyeri Reut. & A. Huet, Aster alpinus
L., Doronicum clusii (All.) Tausch (non-significant
decreases) and Saxifraga adscendens L. (significant
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decrease) which all have an EIV-N of between 3.0 and
4.0.
Plant species composition change in the context
of potential natural vegetation
The direction of plant compositional change on
abandoned grasslands depends on the type of potential
natural vegetation in the given area (Witkowska- _Zuk
and Ciurzycki 2000; Adler et al. 2001; Austrheim and
Eriksson 2001; Onipchenko et al. 2009; Kucharzyk
and Augustyn 2010). Abandoned grasslands on sum-
mits located in the range of Norway spruce forest
(1250–1500 m a.s.l.) and dwarf pine vegetation belt
(1550–1800 m a.s.l.) are characterized by high acces-
sibility for sheep (low steepness) and, therefore, were
intensively grazed in the past (i.e. Nosal, Ornak and
Kopa Magury). Such mountain peaks are today
colonized by trees (P. abies) and shrubs (P. mugo),
and we expect that these areas will develop into forest
or dwarf pine communities, shifting the upper treeline
further up. Due to relatively gentle slopes, most of the
higher elevation summits above the treeline (slightly
above 2000 m a.s.l., e.g. Krzesanica and Ciemniak)
were grazed at similar intensity to the lowest mountain
tops. Relatively small changes in species composition
on these summits may affect the low rate of coloniza-
tion by chamaephytes after grazing abandonment
(Matteodo et al. 2013).
Bedrock plays an important modifying role on the
species composition change after cessation of grazing.
Grasslands on limestone are reported to be more
sensitive to grazing than those covering granite rocks
(e.g. Casas and Ninot 2003; Bas¸nou et al. 2009), which
is also visible in our results: changes in species
composition on limestone-dominated and relatively
accessible summits (e.g. Szalony Wierch, Kopa
Magury and Szczerba Giewontu) were greater than
on equally accessible granite-dominated summits (e.g.
Szeroka Jaworzyn´ska). On the other hand, the effect of
bedrock on species composition changes after cessa-
tion of grazing may be overwhelmed by the area
steepness: limestone-dominated summits are in gen-
eral gentler and more accessible for sheep, and were,
therefore, grazed in the past more intensively in
comparison with less accessible, steeper summits with
a prevalence of granite rocks.
Bias connected with flora and vegetation
resampling studies
A problem associated with any resampling study is
that results may be affected by the inconsistent manner
in which historical data were collected (Sto¨ckli et al.
2011). At the turn of the twentieth century, a uniform
and common methodology for floristic research did
not exist, and the majority of plant inventories on
mountain summits were performed without any clear
definition of the summit. In our case, the historical
dataset represents summarized reports from botanical
excursions, and thus we are uncertain about the
completeness of the species lists, the time which was
spent by historical botanists on sampling the summits’
flora, and whether the effort in both sampling periods
was comparable (Burg et al. 2015). The resampling
studies are also biased by problems with finding of
small-sized plant species on relatively large areas,
which in particular could be addressed to the high
compositional dissimilarity reported for Ornak:
the * 800-m-long mountain summit. Therefore, our
results may be partly affected by potential effects of
the historical data accuracy and should be considered
as relative compositional shifts. However, despite
limitations, such approaches are commonly used in
botanical resampling studies, which give a unique
opportunity to explore long-term changes in mountain
flora in relation to environmental shifts (e.g. Vittoz
et al. 2008; Baeten et al. 2010; Naaf and Wulf 2010;
Kapfer et al. 2017). They also open up prospects for
future vegetation studies using permanent plots or at
least a clearly defined methodology, allowing the
verification of the reliability of results obtained from
the first resampling studies.
Conclusions
Plant species composition of the summits with the
highest accessibility for sheep expressed the greatest
changes after the cessation of grazing in the Tatra Mts.
Climate change could influence the species composi-
tion changes on the higher elevations and the most
inaccessible summits in a considerable way over the
timescale of our resampling in terms of the decrease in
the number of days with snow. Meanwhile, any signal
from the impact of climate change may have been
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overwhelmed by the effect of cessation of grazing on
relatively low-elevation and accessible summits.
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15 Abstract Mountain vegetation is often considered high-
16 ly sensitive to climate and land-use changes due to steep
17 environmental gradients determining local plant species
18 composition. In this study we present plant species com-
19 positional shifts in the Tatra Mts over the past 90 years
20 and discuss the potential drivers of the changes observed.
21 Using historical vegetation studies of the region from
22 1927, we resurveyed 76 vegetation plots, recording the
23 vascular flora of each plot using the samemethodology as
24 in the original survey. We used an indirect method to
25 quantify plant species compositional shifts and to indicate
26 which environmental gradients could be responsible for
27 these shifts: by calculating shifts in estimated species
28 optima as reflected in shifts in the ecological indicator
29 values of co-occurring species. To find shifts in species
30 composition, focusing on each vegetation type separately,
31we used ordination (DCA). The species optimum
32changed significantly for at least one of the tested envi-
33ronmental gradients for 26 of the 95 plant species tested;
34most of these species changed in terms of the moisture
35indicator value. We found that the strongest shifts in
36species compositionwere inmylonite grassland, snowbed
37and hygrophilous tall herb communities. Changes in pre-
38cipitation and increase in temperature were found to most
39likely drive compositional shifts in vegetation resurveyed.
40It is likely that the combined effect of climate change and
41cessation of sheep grazing has driven a species composi-
42tion shift in granite grasslands communities.
43Keywords Flora resurvey. Indicator values . Species
44optimum . Climate change . Grazing abandonment .
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46 Introduction
47 Alpine ecosystems are sensitive to land use and climate
48 change because alpine species are adapted to specific,
49 harsh conditions (Theurillat and Guisan 2001). The
50 environmental gradients in alpine areas are steep and
51 these gradients are important factors controlling species
52 distribution (Dullinger et al. 2007; Fernández-Calzado
53 et al. 2012). Shifts in these gradients are therefore ex-
54 pected to exert a noticeable influence on species com-
55 position, so plant community shifts in alpine regions
56 have been successfully used as indicators of the effects
57 of climatic warming (Holzinger et al. 2008). Climate
58 change may influence, for instance, species phenology,
59 distribution and specific interactions between plants
60 (Hughes 2000). Therefore, the cumulative effect of
61 these minor responses of individual plant species may
62 amount to changes of entire plant communities over
63 time (Britton et al. 2009).
64 The most commonly observed temporal pattern
65 along elevational gradients is an upward migration of
66 species (e.g. Klanderud and Birks 2003; Wilson and
67 Nilsson 2009; Grytnes et al. 2014) and concurrent spe-
68 cies richness increases (e.g. Holzinger et al. 2008;
69 Odland et al. 2010). Many short- and long-term studies
70 presume that climate change is the main driver of these
71 elevational shifts in Europeanmountain ranges: the Alps
72 and the Scandes (e.g. Vittoz et al. 2008; Felde et al.
73 2012; Lenoir and Svenning 2015). It is also found that
74 climate change leads to thermophilization of alpine flora
75 and vegetation (e.g. Körner 2003; Gottfried et al. 2012;
76 Evangelista et al. 2016).
77 As a direct result of climate change, a decrease in
78 snow cover duration is often found, for example in the
79 Scandes and Alps (Imhof et al. 2011), and larger areas
80 melt out during the summer, which makes them avail-
81 able for snowbed species (Matthews 1992). Further-
82 more, in some areas (e.g. Scandes), an increase in the
83 amount of precipitation falling as rain is observed due to
84 climate warming (Engler et al. 2011). In addition to a
85 warmer climate, an increase in atmospheric nitrogen
86 deposition may result in an increase in primary produc-
87 tion and more nitrogen-demanding species in higher
88 elevation areas (e.g. Galloway et al. 2008; Bobbink
89 et al. 2010).
90 Other studies have found that land-use changes may
91 be important drivers of species compositional shifts in
92 alpine regions (Dupré and Diekmann 2001; Pavlů et al.
93 2005). For instance, grazing may increase plant species
94diversity by reducing competition and increasing envi-
95ronmental heterogeneity (Amezaga et al. 2004; Baur
96et al. 2006). Many areas today experience cessation of
97grazing, which may drive loss in local diversity due to
98re-growth and colonization by tall herbs, shrubs and
99trees (Baur et al. 2006; Kucharzyk and Augustyn
1002010; Vassilev et al. 2011). The effect of climate change
101on alpine vegetation shifts may be reversed or enhanced
102by land-use changes (Speed et al. 2012). The
103disentangling of these factors is often difficult as they
104have happened in parallel in many areas, and the amount
105of change at any specific location can be uncertain
106(Klanderud and Birks 2003; Becker et al. 2007; Frei
107et al. 2010; Felde et al. 2012).
108The Tatra Mts are unusual and interesting due to the
109high number of tertiary and glacial relict plant species,
110as well as the number of species which occur at the
111edges of their geographical distribution ranges in this
112area (Pawłowska 1956). Furthermore, many of the al-
113pine species in the Tatra Mts are Carpathian sub-
114endemics and endemics (Piękoś-Mirkowa et al. 1996).
115Due to the high variety of local microhabitats caused by
116combinations of microclimate, bedrock, exposure and
117slope conditions, these highly specialized plant species
118often occupy relatively small, isolated areas. In effect
119they are highly sensitive to climatic fluctuations
120(Erschbamer et al. 2011).
121The re-survey of historical studies is a unique oppor-
122tunity to detect long-term floristic and vegetation chang-
123es under the impact of the changing environment
124(Kapfer et al. 2017). There is, however, a shortage of
125long-term plant species composition re-surveys from
126historical studies in the highest parts of the Carpathians,
127with notable exceptions (such as the data from Szafer
128et al. 1923 and Pawłowski et al. 1928), which could be
129used to describe vegetation dynamics over the past
130century. The aim of this study was (1) to re-survey the
131vegetation plots of Pawłowski et al. (1928) and
132determine species composition shifts in the Rybi
133Potok Valley and the Morskie Oko Lake Region in
134the Tatra Mts over the past 90 years and (2) to use
135this to indicate which drivers have caused the
136observed changes in species composition. To
137achieve the study aims, based on a set of ecolog-
138ical plant indicators: light, temperature, moisture
139and nitrogen (Zarzycki et al. 2002), we focused
140on one individual species, its associated group of
141co-occurring species and how these co-occurrences
142shift over time.
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143 We hypothesized that the main factor driving shifts in
144 the species composition of resurveyed mountain vege-
145 tation is climate change, understood as an increase in
146 temperature and change in precipitation, and thus we
147 expect that: (1) As an effect of the increased tempera-
148 ture, the species composition of plants accompanying
149 the cold-demanding species changed, and recently they
150 may co-occur with plants preferring warmer climatic
151 conditions, than historical vegetation – this change can
152 be interpreted as sign of thermophilization of mountain
153 flora and vegetation (e.g. Evangelista et al. 2016); (2)
154 Due to the important role played by snow cover in
155 shaping plant species composition in mountain regions
156 (e.g. Hiller et al. 2005), a decrease in the number of days
157 with snow linked with a prolongation of the growing
158 season may drive the colonization of plant communities
159 by more dry-demanding species (e.g. Carbognani et al.
160 2014) – thus, some of the more wet-demanding species
161 may recently co-occur with plants with a lower moisture
162 demands than historical vegetation. These assumptions
163 were made with the caution that these species, both
164 historically and recently, were mostly associated with
165 snowbed communities.
166 As a response to climate warming, the primary pro-
167 duction of mountain vegetation increases (e.g.
168 Michelsen et al. 2011). Therefore, we also hypothesized
169 that: (3) In comparison to the first sampling period,
170 some of the species with a lower nitrogen demands,
171 associated both, historically and recently with mylonite
172 grasslands and hygrophilous tall herb communities,
173 could recently co-occur with plants preferring higher
174 soil nitrogen contents.
175 The cessation of grazing causes a decrease in
176 the proportion of light-demanding species with the
177 concurrent increase in the proportion of plants
178 with higher soil moisture and nutrient contents
179 demands (e.g. Pavlu et al. 2007; Evju et al. 2009;
180Q2 Wesołowska 2009; Vassilev et al. 2011). Therefore, we
181 hypothesized that some of the more light-, less wet- and
182 less nitrogen-demanding species could recently co-
183 occur with more shade-tolerant, more wet-demanding
184 and more nitrogen-demanding species. We made this
185 prediction with a caution that the species both histori-
186 cally and recently mostly appeared on granite
187 grasslands.
188 Vegetation plots resampled in this study differ in
189 terms of land-use history. All resurveyed plots
190 representing mylonite grasslands and hygrophilous tall
191 herb communities were located on strongly exposed
192areas, i.e. tectonic faults and steep rock shelves – places
193unavailable for sheep to graze. Thus, we can be
194confident that the expected climate-driven compo-
195sitional changes in these two types of vegetation
196are independent of those caused by cessation of
197sheep grazing. By contrast, some of the plots
198representing snowbed communities, as well as
199granite grasslands, were characterized by gentler
200slopes and were therefore available for grazing
201by sheep, and differentiating between non-grazed
202and grazed plots of these two communities was
203impossible due to a lack of historical information
204about grazing intensity related to each plot. How-
205ever, the expected colonization of snowbeds by
206more warm- and dry-demanding species is oppo-
207site to the consequences of cessation of sheep
208grazing (colonization by more wet-demanding
209plant species), which allowed us to assume that
210compositional changes in snowbed communities
211are grazing-independent.
212Material and methods
213Vegetation
214The Rybi Potok valley and Morskie Oko Lake region
215are located in the High Tatras, ranging from 970
216(Palenica Białczańska Glade) to 2,503 m a.s.l. (Rysy
217summit; Fig. 1). Large areas of the High Tatras are
218composed of granitic and metamorphic rocks formed
219during the Hercynian orogeny, whereas in some areas
220(e.g. tectonic faults) these rocks are replaced by
221mylonites (Radwańska Q3-Paryska and Paryski 2004).
222The vegetation of this area, as in other European moun-
223tain regions, is closely linked with increasing elevation,
224and shifts from mixed-deciduous forests dominated by
225beech (Fagus sylvatica), fir (Abies alba) and Norway
226spruce (Picea abies) in the lowest elevations, through
227Norway spruce forests to dwarf pine (Pinus mugo)
228vegetation above the tree line, with alpine grasslands
229and bare rocks in the sub-nival zone of the highest parts
230of the mountains (Mirek and Piękoś-Mirkowa 1992).
231Due to the presence of mountain streams and wind-
232sheltered wet habitats there is also a high diversity
233of elevation-independent vegetation such as hy-
234grophilous tall herb communities and spring fens
235(Wojterska and Wojterski 2007).
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236 Climate
237 Meteorological observations started in the TatraMts in the
238 1950s. According to Woś (1999), the climate of this area
239 is characterized by low mean annual air temperature
240(about 2°C), a high number of days with frost (about
241150 per year), and high precipitation: more than
2421,780 mm annually (Kasprowy Wierch summit; 1,987
243m a.s.l.). In this study we used meteorological data from
244the town of Zakopane (855 m a.s.l., ~14 km away from
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Fig. 1 Distribution of resampled vegetation plots in the High Tatra Mts in Southern Poland (Central Europe)
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245 the resurveyed area), located in the Zakopiańska Basin
246 (Kotlina Zakopiańska), KasprowyWierch (1,987 m a.s.l.)
247 and Łomnica (2,635 m a.s.l.) located in the Western and
248 High Tatras and the closest to the study area (~7 and
249 ~10 km away from the resurveyed area, respectively).
250 We performed linear regression models evaluated by
251 using ANOVA, with a maximum level of significance
252 set at P = 0.05, to find whether there is a relationship
253 between the year of observation and: (1) mean annual
254 temperature, (2)mean annualmaximum and (3)minimum
255 temperature, (4) the number of days with rain, (5) the
256 number of days with snow, and (6) the growing season
257 length (defined as the number of days with mean daily
258 temperature above 5°C). During climate monitoring pe-
259 riods, the mean annual temperature increased significantly
260 by 1.31°C in Zakopane, 1.30°C on KasprowyWierch and
261 1.24°C on Łomnica. At all three meteorological stations,
262 the observed increase in temperature was driven by an
263 increase in mean maximum rather than mean minimum
264 annual temperature. The number of days with rain has
265increased significantly in Zakopane by 34 days and on
266Kasprowy Wierch by about 43 days. The number of
267days with snow decreased significantly on Łomnica by
26830 days. The growing season has extended significant-
269ly in Zakopane by about 28 days, on Kasprowy
270Wierch by about 20 days and on Łomnica by about 32
271days (Table 1; Table S1 in the Electronic Supplementary
272Material).
273Land use
274Shepherding started in the Tatra Mts in the fifteenth
275century. Over the centuries, sheep and cattle grazing
276increased in all accessible areas, including forests, dwarf
277pine and alpine grasslands. The intensity of sheep graz-
278ing in the study area (Rybi Potok valley and Morskie
279Oko Lake region) during the period 1926–1953 (about
2800.35 individuals per ha in an area of 1,850 ha) was
281similar in comparison to the other, more accessible and
282less steep mountain valleys in the Tatra Mts (e.g.
t1:1 Table 1 Climate changes in the Tatra MtsQ4 .
Meteorological station Change R2 Time period Origin of the data
Zakopane (855 m a.s.l.):
Mean annual temp. +1.31°C 0.23*** 1951–2015 Zakopane Meteo. Station
Max. mean annual temp. +2.70°C 0.27*** 1951–2015 Zakopane Meteo. Station
Min. mean annual temp. +1.68°C 0.03 n.s. 1951–2015 Zakopane Meteo. Station
No of days with rain +34 0.28* 1987–2015 https://en.tutiempo.net
No of days with snow +19 0.14 n.s. 1987–2015 https://en.tutiempo.net
Growing season length +28 0.32*** 1951–2015 Zakopane Meteo. Station
Kasprowy Wierch (1,987 m a.s.l.):
Mean annual temp. +1.30°C 0.24*** 1951–2015 Kasprowy Wierch Meteo. Station
Max. mean annual temp. +1.93°C 0.16*** 1951–2015 Kasprowy Wierch Meteo. Station
Min. mean annual temp. +2.04°C 0.06* 1951–2015 Kasprowy Wierch Meteo. Station
No of days with rain +43 0.19** 1959–2015 https://en.tutiempo.net
No of days with snow –13 0.02 n.s. 1959–2015 https://en.tutiempo.net
Growing season length +20 0.14*** 1951–2015 Kasprowy Wierch Meteo. Station
Łomnica (2,635 m a.s.l.):
Mean annual temp. +1.24°C 0.36*** 1973–2015 https://en.tutiempo.net
Max. mean annual temp. +2.67°C 0.36*** 1973–2015 https://en.tutiempo.net
Min. mean annual temp. +0.43°C 0.01 n.s. 1973–2015 https://en.tutiempo.net
No of days with rain +1 0.01 n.s. 1973–2015 https://en.tutiempo.net
No of days with snow –30 0.17** 1973–2015 https://en.tutiempo.net
Growing season length +32 0.45*** 1973–2015 https://en.tutiempo.net
Max, Maximum; Min, Minimum; Temp, Temperature; Meteo, Meteorological
Significance of results: * – P < 0.05, *** – P < 0.001, n.s. – not significant
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283 Chochołowska Valley: about 0.34 individuals per ha in
284 an area of 3,500 ha; Kopczyńska-Jaworska 1985). In
285 1955, once the Polish Tatra National Park was
286 established, grazing started to decrease. It completely
287 ceased in the 1970s and today takes place only on
288 designated, actively protected non-forest areas inside
289 the National Park in a total area of about 8600 ha,
290 whereas the remaining part of the National Park
291 (12,600 ha) is strictly protected (Skawiński et al. 1995).
292 Data collection
293 Historical vegetation studies of the Rybi Potok valley
294 and the Morskie Oko Lake region date back to the year
295 1927 (Pawłowski et al. 1928). The original author re-
296 ferred to the area as ‘Morskie Oko Valley’, but this name
297 is not accepted in the current official geographical ter-
298 minology of the Tatra Mts (Radwańska-Paryska and
299 Paryski 1995). Pawłowski’s study, which aimed to
300 describe the diversity of the plant communities in
301 the Tatra Mts, was among the first phytosociolog-
302 ical surveys in the Carpathians. This was done by
303 studying the variation in the species composition
304 of the vegetation at plant community level by
305 sampling vegetation in relevés of varying size
306 and number (Table 2, Online resource 2). For each
307 plot all vascular plant species were recorded, and
308 the cover of each species was estimated using the seven-
309 level Braun-Blanquet abundance scale. Furthermore,
310 plot-specific local habitat conditions were mentioned
311 in the description of plant communities, which included
312 bedrock, soil moisture and specific topographical
313 features such as rock shelves or steep rock faces
314 (Pawłowski et al. 1928).
315The initial survey by Pawłowski et al. (1928) covered
316119 plots at elevations between 970 and 2,295 m a.s.l.
317The resurvey included only the 76 plots which remain
318under Polish jurisdiction following post-war national
319boundary changes, and was carried out in July and
320August 2015, encompassing elevations between 1,130
321and 2,252 m a.s.l. Only plots that could be relocated with
322the highest possible accuracy were resurveyed, to mini-
323mize the potential effects of plot relocation bias on the
324observation of vegetation change (Stöckli et al. 2011;
325Kopeckỳ et al. 2015). The historical location of plots was
326determined by using the map in Pawłowski et al. 1928
327and other plot descriptions (e.g. elevation, aspect, slope
328or presence of rock formations with a characteristic
329shape). As a result we relocated and resampled vegeta-
330tion plots and assigned them to six different vegetation
331types (following Matuszkiewicz 2016): Norway spruce
332forests (4 plots), dwarf pine (8 plots), hygrophilous tall
333herb communities (11 plots), snowbeds (15 plots),
334mylonite (8 plots) and granite grasslands (32 plots).
335The same plot sizes as those in the historical study
336were used, which varied greatly between the plant com-
337munities under study (e.g. from 50 to 1,500 m2 for
338mylonite grasslands and from 200 to 5,000 m2 for dwarf
339pine communities) and depended on the patch size of the
340particular plant community (Pawłowski et al. 1928;
341Table 2, Table S2 in the Electronic Supplementary Ma-
342terial). For each plot we recorded the vascular flora and
343species’ cover expressed in the same Braun-Blanquet
344scale as used by Pawłowski et al. (1928). The nomen-
345clature of species follows Euro+Med (2006–). All spe-
346cies of the genus Alchemilla L. were not included in
347resurvey due to taxonomical uncertainties of the histor-
348ical records and species identification difficulties.
t2:1 Table 2 Changes in species richness, Bray-Curtis dissimilarity index (x̅) and the elevational, plot size and slope ranges and the number of
plots of respective vegetation types
Vegetation type Mean species richness Species richness
change Mean x
Elevational
range [m a.s.l.]
Plot size
range [m2]
Slope
range [%]
Number
of plots
Historical Resampled
Hygrophilous tall herbs 23.36 30.73 7.36** 0.48 ± 0.05 SE 1,515–1,900 10–2,000 15-45 11
Snowbeds 17.33 24.60 7.27* 0.44 ± 0.03 SE 1,650–2,200 5–400 0-50 15
Mylonite grasslands 53.00 46.50 −6.50 n.s. 0.56 ± 0.04 SE 1,500–2,140 50–1,500 30-70 8
Granite grasslands 35.13 34.28 −0.84 n.s. 0.37 ± 0.02 SE 1,380–2,252 50–3,000 0-45 32
Dwarf pine 37.50 39.67 −2.17 n.s. 0.37 ± 0.03 SE 1,393–1,780 200–5,000 0-40 6
Spruce forests 30.25 32.75 +2.50 n.s. 0.33 ± 0.04 SE 1,130–1,590 1,000–4,500 15-45 4
Bold significant results: * – P < 0.05, ** – P < 0.01, n.s. not significant
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349 Data analyses
350 For statistical processing we used R (R Core Team
351 2016) and the R package ‘vegan’ (Oksanen et al.
352 2016). Prior to analyses, species’ covers were trans-
353 formed into a numerical pseudopercentage scale follow-
354 ing van der Maarel (1979).
355 Species respond individualistically to environmental
356 change (Walther et al. 2002). Therefore those plants
357 which are more sensitive to environmental changes
358 and/or able to respond more rapidly may become less
359 abundant or disappear and eventually occur in new
360 locations as novel species combinations. By contrast,
361 plants with broader environmental tolerance or slow
362 response to environmental change may still occur in
363 the same place as historically or increase, but as a part
364 of new species assemblages as that location becomes
365 more suitable for colonization. Focusing on one species,
366 its associated group of co-occurring species and how
367 these co-occurrences shift over time may be a useful
368 way to understand changes in species composition when
369 using quasi-permanent plots (sensu Chytrý et al. 2014;
370 Kapfer et al. 2017).
371 To relate the individual species’ responses to the
372 subsequent changed associations and so ultimately to
373 the underlying environmental changes, independently
374 of vegetation types, we used the approach of Kapfer
375 et al. (2011). We calculated the relative shift in species’
376 realized optimum ecological indicator value (EIV) for
377 light (EIV-L), temperature (EIV-T), soil moisture (EIV-
378 M) and nitrogen (nutrient indicator corresponding with
379 plant productivity; EIV-N) gradients as implied by the
380 EIVof the co-occurring species. Plant species’ EIVs for
381 environmental gradients were taken from Zarzycki’s
382 version of Ellenberg’s (Ellenberg et al. 1991) EIVs for
383 vascular plant species, which includes the Carpathian
384 endemics and sub-endemics (Zarzycki et al. 2002). To
385 avoid spurious results generated by rare species, we
386 tested only those species which occur in at least five
387 plots (samples) in both sampling periods, reducing the
388 initial number of species from 270 to 95. For each
389 sampling period (historical and recent) and considering
390 one focal species at a time, we calculated a weighted
391 average sample score for each EIV. We calculated this
392 value using all species in a plot except for the species in
393 focus (i.e. for which the optimum value was being
394 calculated). To secure an equal distribution of sample
395 scores along an indicator-value gradient, we then re-
396 moved sample values outside the common range of both
397sampling time periods. The result was two datasets with
398equal minima and maxima for weighted average sample
399score indicator values. In the next step we grouped all
400sample scores into three equal sections along the gradi-
401ent. In each section we equalized the numbers of plots
402between the samples from the two time periods by
403randomly removing samples from the time period with
404the most samples. The result was two datasets with
405similar range and frequency distribution of samples
406along the gradient. Then, using the two pruned datasets
407we estimated a weighted average species score (species
408optimum value) considering each species separately. To
409evaluate whether observed shifts in species’ optima
410were higher than expected by random we compared
411changes in species scores by using a restricted permuta-
412tion test with a P-value level at 0.05. The restriction was
413that historical and resampled plots were only allowed to
414be re-ordered within each of the three sections along the
415EIV gradient. As suggested, for instance, by Chytrý
416et al. (2009), EIVs summarize the complexity of envi-
417ronmental factors which influence an individual species
418over the lifetimes of individuals. Therefore, we
419correlated with each other the EIV of all species
420that were historically and recently recorded using
421Pearson’s correlation method (Table S3 in the
422Electronic Supplementary Material).
423To find whether there was a significant change in the
424species’ frequency, defined as a change in the number of
425occurrences between the two sampling events, we used
426the Chi test with a maximum level of significance set at
427P = 0.05. We analysed only those plants which occurred
428at least five times in one sampling event.
429We explored species compositional shifts in more
430detail by focusing on vegetation types separately. Due
431to the low number of plots, we did not use Norway
432spruce forests and dwarf pine vegetation in the detrended
433correspondence analyses (DCAs). To evaluate the sig-
434nificance of changes in species richness per plot between
435historical and resampled vegetation types we used the
436paired t-test. To find the magnitude of compositional
437shifts between each historical and resampled plot we
438calculated the Bray-Curtis compositional dissimilarity
439index. To determine the main patterns of changes in
440species composition we performed an unconstrained
441ordination (detrended correspondence analysis – DCA).
442To avoid potential impacts of low-abundance species on
443the results we downweighted rare species before the
444ordination analyses and calculation of the Bray-Curtis
445dissimilarity index (Lepš and Šmilauer 2003).
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446 Results
447 Of the 95 plant species analysed for relative shift in
448 species’ realized optimum value for environmental
449 gradients, 26 were found to co-occur with species
450 of different EIV recently compared with historical ag-
451 gregations (Table 3). For all nine species which had a
452 significant change in realized optimum for soil moisture
453 (indicator range 2.0–5.0), we observed a positive direc-
454 tion of change, indicating an increase in co-occurring
455species with a higher EIV-M. For the other environmen-
456tal gradients tested, no consistent positive or negative
457significant change in species’ optima was observed. We
458found that eleven species have changed their realized
459optimum for light (indicator range 1.0–5.0): five of
460those were found to co-occur more often with more
461light-demanding, and six with more shade-tolerant
462plants. Of seven species which significantly changed
463their optimum for temperature (indicator range 1.0–
4644.5), three were found to co-occur more often with more
t3:1 Table 3 Changes in species optimum for light (EIV-L), temperature (EIV-T), moisture (EIV-M) and nitrogen (EIV-N) environmental
gradients (ecological indicator values for EIV-L, EIV-T, EIV-M and EIV-N)
Species Change in species optimum (1927–2015)
EIV-L EIV-T EIV-M EIV-N
Graminoids:
Helictochloa versicolor –0.06 n.s. 0.03 n.s. 0.27* –0.04 n.s.
Calamagrostis villosa 0.18 n.s. –0.12 n.s. –0.02 n.s. –0.36**
Avenella flexuosa 0.19 n.s. –0.38* 0.22 n.s. –0.06 n.s.
Festuca airoides –0.41*** 0.38* 0.34* 0.34*
Juncus trifidus –0.24* 0.20 n.s. 0.44** 0.26 n.s.
Luzula alpinopilosa –0.21 n.s. 0.29* –0.20 n.s. 0.23 n.s.
Oreochloa disticha –0.19* 0.11 n.s. 0.67*** 0.27*
Phleum alpinum –0.59** 0.73** 0.14 n.s. 0.61 n.s.
Herbs:
Arabis alpina 0.22 n.s. –0.16 n.s. 0.18 n.s. 0.37 n.s.
Athyrium distentifolium 0.50* –0.37 n.s. –0.31 n.s. –0.16 n.s.
Bartsia alpina –0.28 n.s. 0.26 n.s. 0.62* 0.26 n.s.
Campanula alpina –0.20** 0.12 n.s. 0.44* 0.22*
Lactuca alpina 0.60* –0.40 n.s. –0.69 n.s. –0.60*
Dryopteris dilatata 0.38 n.s. –0.47* 0.07 n.s. –0.16 n.s.
Epilobium angustifolium 0.57* –0.49 n.s. –0.02 n.s. –0.10 n.s.
Oxyria digyna 0.10 n.s. 0.38 n.s. 0.13 n.s. 0.78**
Pulsatilla alba –0.15 n.s. 0.12 n.s. 0.35* 0.09 n.s.
Rhodiola rosea –0.30 n.s. 0.16 n.s. 0.17 n.s. 0.44*
Saxifraga carpatica 0.04 n.s. –0.09 n.s. 0.13 n.s. 0.84*
Soldanella carpatica –0.18 n.s. 0.12 n.s. 0.32* 0.06 n.s.
Solidago virgaurea subsp. minuta 0.17 n.s. –0.13 n.s. –0.11 n.s. –0.44*
Veratrum lobelianum 0.20 n.s. –0.06 n.s. –0.19 n.s. –0.44*
Shrubs:
Pinus mugo 0.81** –0.76*** –0.21 n.s. –0.63 n.s.
Salix herbacea –0.19* 0.24 n.s. –0.07 n.s. 0.02 n.s.
Sorbus aucuparia subsp. glabrata 0.50* –0.49** 0.08 n.s. –0.06 n.s.
Vaccinium uliginosum −0.31 n.s. 0.37 n.s. 0.39* 0.17 n.s.
Bold significant results: * – P < 0.05, ** – P < 0.01, *** – P < 0.001, n.s. not significant
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465 warm-demanding plants (higher EIV-T). We also ob-
466 served that ten species significantly changed their opti-
467 mum for nitrogen (indicator range 1.0-5.0), and six of
468 them recently were found to co-occur more often with
469 more nitrogen-demanding plants.
470 We found that 14 plant species have significantly
471 changed their frequency since the first sampling period
472 (Fig. 2). Of those, 12 species significantly increased
473 their frequency. This group included one shrub species
474 (Pinus mugo), one tree (Sorbus aucuparia subsp.
475 glabrata) and ten herbs (e.g. Athyrium distentifolium,
476 Gentiana punctata, Polygonum bistorta and Veratrum
477 lobelianum). Significant decreases were found for one
478 grass (Phleum alpinum) and one herb species (Aconitum
479 firmum). The lowest difference between the historical
480 and resampled species’ frequency which was found to
481 be significant was equal to or higher than ten. Of those
482 14 species that have significantly changed their frequen-
483 cy since the first time period, only eight species simul-
484 taneously changed their realized optima, indicating that
485 they were found to co-occur with species of different
486 EIV (i.e. around one-third of those with at least one
487 changed optimum).
488 We found that species richness significantly increased
489 in hygrophilous tall herbs and snowbed communities, by
490 more than seven species on average in each type of
491 vegetation (Table 2; Fig. 3). Mean values of the Bray-
492 Curtis dissimilarity index between two time periods were
493 highest inmylonite grasslands, hygrophilous tall herbs and
494 snowbed plant communities. Relatively weaker values of
495compositional dissimilarities were documented in the veg-
496etation of granite grasslands, dwarf pine and Norwegian
497spruce forests (Table 2). Ordination plots of the four
498habitats with a high mean Bray-Curtis dissimilarity index
499showed the relatively consistent direction of compositional
500change in different plots of the same type (Fig. 4).
501Discussion
502Species composition change
503The vegetation of the Rybi Potok valley and theMorskie
504Oko region has changed considerably over the past 90
505years. We found that 26 species significantly changed
506their optima for at least one environmental gradient,
507indicating that recently they have co-occurred with spe-
508cies of different EIV, indeed most likely in different
509plant assemblages than recorded historically. A positive
510change in species’ optimum along the moisture gradient
511indicates that these species tended to co-occur withmore
512wet-demanding plants than historically. Of the EIVs
513tested, moisture was least correlated with other indica-
514tors (Table S3 in the Electronic Supplementary
515Material), which means that most of the changes in
516species’ optima along the moisture gradient were inde-
517pendent from other environmental changes. The chang-
518es in other EIVs were relatively strongly correlated, thus
519observed changes in optima along those gradients
520should be considered in connection to each other.
Fig. 2 Significant (P < 0.05)
changes in species frequency
between the sampling periods.
Significance of results:
* – P < 0.05, ** – P < 0.01,
*** – P < 0.001
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521 Climate warming explains compositional shift
522 in the vegetation of snowbeds
523 One of the environmental factors that could drive chang-
524 es in the species composition of the resurveyed area is
525 change in precipitation. At higher elevations the length
526 of the snow cover period plays the most important role
527 in determining the specific species composition of com-
528 munities and distribution of plants (e.g. Hiller et al.
529 2005; Kozłowska and Rączkowska 2006). Among the
530 vegetation types we resurveyed, snowbed vegetation is
531 particularly vulnerable to climate changes due to their
532 particular environmental conditions: high humidity, low
533 temperature and a short growing season (Björk and
534 Molau 2007; Elumeeva et al. 2013; Sandvik and
535 Odland 2014). Therefore, these plant communities are
536 characterized by a relatively rapid response to decreased
537 snow cover and extended growing season, which results
538 in the replacement of wet-demanding species by plants
539 that are more dry-demanding (e.g. Schöb et al. 2008;
540 Daniëls et al. 2011; Carbognani et al. 2014). This is in
541 line with our findings: several species which changed
542 their optimum for moisture are relatively dry-
543 demanding ones: Helictochloa versicolor, Pulsatilla
544 alba, Soldanella carpatica and Vaccinium uliginosum
545 (EIV-M: 2.0–3.5), which invaded previously-wetter
546habitats, i.e. snowbed communities, as well as small-
547sized patches of wet microhabitats with a late snowmelt,
548scattered in the granite grasslands. Significant increases
549in species richness, as well as high values of the Bray-
550Curtis dissimilarity index, that were found between
551historical and recent snowbed communities support this
552‘invasion’ hypothesis.
553One of the cold-demanding snowbed species (Luzula
554alpinopilosa; EIV-T: 1.5) was recently found to co-
555occur more often with more warm-demanding plant
556generalists, e.g. Polygonum bistorta and Veratrum
557lobelianum (EIV-T: 3.0–4.0), which significantly in-
558creased their frequency in comparison to the historic
559sampling period. A significant increase in the annual
560average temperature (driven mainly by an increase in
561maximum annual average temperature) observed in the
562Tatra Mts corresponds well with this change. Luzula
563alpinopilosa, both historically and recently, was also
564recorded in small-sized patches of snowbed microhabi-
565tats scattered in hygrophilous tall herb communities.
566There we revealed a significant increase in the frequen-
567cy of more warm-demanding species typical of hy-
568grophilous tall herb communities, e.g. Epilobium
569angustifolium or Senecio nemorensis (EIV-T: 3.0–3.5),
570which colonized these microhabitats from the closest
571surroundings. Our results are in line with other finding
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Fig. 3 Changes in species
richness between the sampling
periods focusing on vegetation
types. Each plot shows the Kernel
density plot (dashed outline) with
a box-plot of the same data. The
thick horizontal line is the
median. The box covers the 95%
range. Significance of results:
* – P < 0.05, ** – P < 0.01,
n.s. – not significant
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572 showing a climate-driven thermophilization of alpine
573 flora and vegetation (e.g. Körner 2003; Gottfried et al.
574 2012; Evangelista et al. 2016).
575 Climate-driven shifts in species composition
576 of hygrophilous tall herbs and mylonite grasslands
577 Three less nitrogen-demanding plants (Oxyria digyna,
578 Rhodiola rosea and Saxifraga carpatica; EIV-N: 2.0–
579 3.0) that historically occurred only in hygrophilous tall
580 herb communities and mylonite grasslands (areas
581without sheep grazing in the past) were recently found
582to co-occur with more nitrogen-demanding species.
583This is linked with a significant increase in the frequen-
584cy of species preferring higher soil nutrient content (e.g.
585Adenostyles alliariae, Epilobium angustifolium,
586Gentiana punctata, Senecio nemorensis, P. bistorta
587and V. lobelianum; EIV-N: 3.0–4.0). Galloway et al.
588(2008) and Spasojevic et al. (2013) reported that atmo-
589spheric nitrogen deposition in soil increases along with
590increasing temperature and rain precipitation, which
591explains our finding. The fact that we found significant
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Fig. 4 Ordination (DCA) of sites showing the patterns of species composition change in different vegetation types. Arrows indicate the
direction of change
Plant species composition shifts in the Tatra Mts as a response to environmental change: a resurvey study...
JrnlID 12224_ArtID 9312_Proof# 1 - 13/01/2018
AUTHOR'S PROOF
U
N
C
O
R
R
EC
TE
D
PR
O
O
F
592 increases in plot species richness and determined a large
593 magnitude of compositional dissimilarities in hygroph-
594 ilous tall herbs vegetation is a supporting explanation of
595 this pattern.
596 Historical sheep grazing and climate warming explain
597 compositional shift in the vegetation of granite
598 grasslands
599 Despite the fact that land use in the Rybi Potok valley
600 and the Morskie Oko Lake region was historically con-
601 centrated only on less-exposed granite grasslands, the
602 intensity of sheep grazing was similar in comparison
603 with the other, gentler and accessible mountain valleys
604 in the Tatra Mts (Kopczyńska-Jaworska 1985). Finding
605 two open-habitat species (Campanula alpina and
606 Oreochloa disticha) co-occurring recently with more
607 shade-tolerant, wet- and nitrogen-demanding plants is
608 in line with other studies showing that the number of
609 light-demanding species decreases, and the proportion
610 of wet- and nitrogen-demanding species increases after
611 cessation of sheep grazing (e.g. Austrheim et al. 2008;
612 Wesołowska 2009). A supporting explanation of this
613 pattern is an observed increase in the realized light
614 optimum (indicating a co-occurrence with more light-
615 demanding plants), as well as a concurrent significant
616 increase in the frequency of some tall herbs (e.g.
617 Athyrium distentifolium, Epilobium angustifolium and
618 Lactuca alpina; EIV-M: 3.0–4.0, EIV-N: 2.5–4.0). Oth-
619 er species, i.e. Calamagrostis villosa and Solidago
620 virgaurea subsp. minuta (EIV-M: 3.0–3.5, EIV-N: 2.5–
621 3.0) showed a decrease in the realized nitrogen
622 optimum, indicating a co-occurrence with less-
623 nitrogen-demanding plants, typical of low-productive
624 granite grasslands. Colonization by these more
625 wet- and nitrogen-demanding species on granite
626 grasslands suggests that these plants are effective
627 dispersers, and respond relatively fast to changes
628 in environment.
629 Under the large-sized leaves of tall herbs, wind- and
630 frost-sheltered microhabitats could develop, reducing
631 the exposure of species to low temperatures. These
632 specific microclimatic conditions facilitate the growth
633 of more warm-demanding shrubs and trees, leading to
634 canopy development and treeline progression (Gehrig-
635 Fasel et al. 2007; Batllori et al. 2010; Ameztegui et al.
636 2015). This pattern is consistent with our results show-
637 ing that one shrub (Pinus mugo; EIV-T: 2.5) and one tree
638 species (Sorbus aucuparia subsp. glabrata; EIV-T: 3.0)
639were found to co-occur recently more often with more
640cold- and light-demanding species. Along a canopy
641development, granite grasslands are colonized by more
642shade-tolerant and warm-demanding species, abundant
643in the understory of spruce forests and dwarf pine com-
644munities, i.e. Avenella flexuosa and Dryopteris dilatata
645(EIV-L: 2.0–3.5, EIV-T: 3.5), which were found to co-
646occur recently more often with more cold-demanding
647species when compared with the historical survey. Con-
648versely, more cold-demanding open-habitat species (e.g.
649Festuca airoides and Phleum alpinum; EIV-L: 4.0–5.0,
650EIV-T: 1.5–2.5) showed a decrease in realized light- and
651concurrent increase in temperature optimum, indicating
652a co-occurrence with more shade-tolerant and warm-
653demanding plants.
654As we are uncertain about historical sheep grazing
655intensities related to each individual plot, an observed
656treeline progression could be enhanced by the combined
657effect of climate change and changes in grazing regime,
658which is in line with observations from other mountain
659regions, i.e. the Alps and the Pyrenees (e.g. Dullinger
660et al. 2003; Gehrig-Fasel et al. 2007; Frei et al. 2010;
661Michelsen et al. 2011; Felde et al. 2012; Ameztegui
662et al. 2015). We also found that species composition,
663as well as species richness of granite grasslands were
664relatively stable. Their lack of response to climate and
665land use change could be explained by the masking
666effect of sheep grazing on alpine vegetation response
667to climate warming (e.g. Klanderud and Birks 2003;
668Michelsen 2011; Q5Dullinger et al. 2003; Olofsson et al.
6692009; Maurset 2015). Thus, an effect of climate change
670on species composition is more pronounced in non-
671grazed areas whereas in areas intensively grazed in the
672past any signal from climate may be overwhelmed
673(Pauli et al. 2003).
674Plot relocation effect
675Resampling of botanical studies requires high reliability
676and a careful plot relocation process (Stöckli et al.
6772011). As we are uncertain about the completeness of
678historical descriptions of plot locations, our results may
679be partly affected by potential effects of plot relocation
680accuracy. However, the optimum shifts we focused on in
681this study are among the methods less sensitive to errors
682related to plot relocation (Kapfer et al. 2011). The largest
683changes in species composition were found in vegeta-
684tion types with the smallest plot sizes (snowbeds: 5–400
685m2; hygrophilous tall herbs: 10–2,000 m2; mylonite
P. Czortek et al.
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686 grasslands: 50–1,500 m2). Thus, particular analyses of
687 species composition changes focusing on vegetation
688 types separately (DCA and Bray-Curtis dissimilarity)
689 may be more sensitive to errors related to plot reloca-
690 tion, which tend to increase with decreasing plot size
691 (e.g. Chytrý et al. 2014, Kopeckỳ and Macek 2015Q6 ).
692 Alpine plant communities in a warmer future
693 Future climate change scenarios projected for alpine
694 areas in Europe (e.g. Alps and Pyrenees) predict a
695 decrease in precipitation along with temperature in-
696 crease in the next 50–80 years (Engler et al. 2011). For
697 instance, in the Alps mean summer temperature is likely
698 to increase by about 4°C in the next 80 years (Raible
699 et al. 2006). Due to temperature increase, earlier snow-
700 melt during the spring is being predicted (ACIA 2005)
701 and in the next 50–150 years the growing season in
702 high-elevation areas may be prolonged by 50–60 days
703 (Dye 2002).
704 Based on these predictions and our results, we
705 expect that in the next 50-150 years the species
706 composition of the resurveyed plant communities
707 in the Tatra Mts may completely change. Besides more
708 advanced thermophilization processes, the most impor-
709 tant ecological consequence of the future climate
710 warming will be the homogenization of flora and vege-
711 tation. Along with colonization of alpine plant commu-
712 nities by species with a broad tolerance to environmental
713 change, the role of competition in shaping species com-
714 position will increase with a concurrent decrease in the
715 number of specific local microhabitats (Olden et al.
716 2004; Ross et al. 2012). If the temperature keeps
717 increasing, and the growing season keeps expanding,
718 most of the snowbed specialists will be replaced by
719 more warm- and dry demanding generalists (SandvikQ7
720 and Odland 2010). A decrease in snow cover duration
721 may also increase plant exposure to wind and
722 frost, which relatively more warm-demanding spe-
723 cies are unable to tolerate, and they may become
724 extinct (Q8 Grytnes et al. 2014).
725 In our opinion all the resurveyed types of vegetation
726 will be characterized in future by a higher primary
727 production due to an increase of canopy height, which
728 will be the result of the colonization of higher elevations
729 by trees and shrubs. Our results showed that changes in
730 the species composition of snowbeds, mylonite grass-
731 lands and hygrophilous tall herbs are mostly climate-
732 driven, but shifts in the vegetation of granite grasslands
733are an effect of both grazing abandonment and climate
734warming. Therefore, we suggest two scenarios of shrub
735and tree canopy development on granite grasslands. In
736the historically grazed areas located below the upper
737forest limit a quick colonization by shrubs or tress
738will take place with the accompanying develop-
739ment of species typical for the understory of Nor-
740way spruce forest and dwarf pine communities. In
741non-grazed areas this process will take place in a
742much longer perspective.
743As an effect of the progressive homogenization of
744vegetation, alpine plant species will migrate upwards as
745long as the habitats are suitable for survival. However,
746the upward migration of plant species will finally be
747hindered by competition between species, or the fact
748that somemore cold-demanding species, already present
749at the mountain summits, will have nowhere to migrate
750farther, and in effect will become extinct due to climate
751change (Halpin 1994). Q9
752Conclusion
753Climate warming and cessation of grazing are equally
754important drivers of compositional shifts in the vegeta-
755tion of the Rybi Potok valley and Morskie Oko Lake
756region, with the predominance of one or another factor
757depending on the historical presence of grazing and
758exposure. Relative shifts in species specific optima re-
759flect an overall change in the vegetation studied, which
760shows a similar direction in all the plant communities
761under study. The revealed changes in species composi-
762tion are signs of the homogenization of the vegetation
763under study and reflect the high susceptibility of most
764alpine plant communities to changes in the environment,
765constituting a serious threat to the biological diversity of
766the Tatra Mts.
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Editor: Elena PaolettiMountain vegetation is highly specialized to harsh climatic conditions and therefore is sensitive to any change in
environment. The rarest andmost vulnerable plants occurring in alpine regions are expected to respond rapidly to
environmental changes. An example of such a species is Carex lachenalii subsp. lachenalii Schkuhr, which occurs in
Poland on only a few isolated sites in the TatraMts. The aim of this studywas to assess changes in distribution of C.
lachenalii in the TatraMts over the past 50–150 years and the effects of climate change, tourismand historical graz-
ing on the ecological niche of C. lachenalii. We focused on changes in the importance of functional diversity com-
ponents in shaping plant species composition. Over the past 50–150 years, the elevation of the average distribution
ofC. lachenalii shifted about 178mupward alongside a significant prolongation of the vegetative season by approx-
imately 20 days in the last 50–60 years. Species composition of plots without C. lachenalii was characterized by
competition between plants, whereas on plots with C. lachenalii habitat filtering was the most important compo-
nent. Our results suggest that climate change was the main factor driving upward shift of C. lachenalii. Moderate
trampling enhanced horizontal spread of this plant, whereas cessation of grazing grazing caused decline of C.
lachenalii. The three environmental factors studied that determined shifts in distribution of C. lachenaliimay also
contribute to changes in distribution of other rare mountain plant species causing changes in ecosystem
functioning.
© 2017 Elsevier B.V. All rights reserved.Keywords:
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Mountain ranges are hotspots of plant species diversity, with con-
centrations of endemic and sub-endemic species, glacial relicts, and spe-
cies at the edge of their geographical range (Körner, 2003; Nagy and
Grabherr, 2009; Erschbamer et al., 2011). As these plants often are high-
ly specialized, they may respond relatively fast to shifts in environment
(Theurillat and Guisan, 2001; Klug et al., 2002; Grabherr, 2003;
Erschbamer et al., 2011; Jägerbrand andAlatalo, 2015). Themost impor-
tant drivers influencing dynamics of alpine flora and vegetation are cli-
mate change (e.g. Evangelista et al., 2016), tourism (e.g. Jägerbrand and
Alatalo, 2015) and changes in land-use (e.g. Sheil, 2016).
Effects of recent climate change on alpine flora and vegetation have
been explored over broad latitudinal and elevational gradients across
the world (e.g. Lenoir et al., 2008; Chen et al., 2011; Engler et al., 2011;
Lenoir and Svenning, 2015) and Europe, including the Alps, Scandes, Pyr-
enees and Apennines (e.g. Klanderud and Birks, 2003; Sanz-Elorza et al.,
2003; Vittoz et al., 2008; Evangelista et al., 2016). Climate warming
drives an upward migration of species (e.g. Wilson and Nilsson, 2009;
Grytnes et al., 2014), increases species richness on mountain summits
(e.g. Pauli et al., 2007; Odland et al., 2010), increases primary production
(e.g. Spasojevic et al., 2013) and causes thermophilization of mountain
floras (e.g. Grabherr et al., 2010; Matteodo et al., 2013; Evangelista et
al., 2016). As the specific interactions between species change in awarm-
er climate, plant specialists are often replaced by generalists and the ho-
mogenization of plant communities takes place (Olden et al., 2004;
Britton et al., 2009; Ross et al., 2012). Themagnitude of these changes de-
pendsmainly on species traits connectedwith dispersal ability and resis-
tance to unfavorable environmental conditions, as well as inter- and
intra-specific competition (e.g. Sandvik et al., 2004; Lenoir et al., 2008;
Parolo and Rossi, 2008).
Aside from climate change, tourism is often listed as one of the im-
portant factors driving changes in plant species composition of high-el-
evation areas (e.g. Grabherr et al., 2010; Whinam and Chilcott, 1999;
Klug et al., 2002; Crisfield et al., 2012). Trampling associated with tour-
ism increases soil compaction, erosion and changes soil humidity
(Pickering et al., 2003; Jägerbrand and Alatalo, 2015). As a result, de-
creases in species richness, plant frequency, cover and biomass are
found on disturbed areas in comparisonwith undisturbed surroundings
(Whinam and Chilcott, 1999; Klug et al., 2002; Gremmen et al., 2003).
Intensive trampling also leads to reduction of stem length, total leaf
area, flower density and seed size and production (e.g. Cole and Monz,
2002; Janyszek et al., 2008; Crisfield et al., 2012; Jagodziński et al.,
2017). The trampling-resistant species are tufted grasses and sedges
with a high number of short stems close to the soil surface, relatively
small seeds andhigh ability of vegetative dispersion, aswell as low com-
petitive abilities (Grabherr et al., 2010; Klug et al., 2002; Janyszek et al.,
2007; Bernhardt-Römermann et al., 2011; Ballantyne et al., 2014).
Another important factor is land-use change, including cessation of
grazing, which in mountains leads to an upward shift of the treeline
(e.g. Gehrig-Fasel et al., 2007) and results in a decrease in the number
and heterogeneity of local microhabitats on high-elevation meadows,
mainly due to increasing competition between species (e.g. Amezaga et
al., 2004; Baur et al., 2006; Sheil, 2016). Thus, in abandoned meadows,
the proportion of light demanding species decreases and they are gradu-
ally replaced by more shade-tolerant and productive plants
(Witkowska-Żuk and Ciurzycki, 2000; Başnou et al., 2009) leading to de-
crease in species richness (e.g. Dupré and Diekmann, 2001; Baur et al.,
2006).
Alpine snowbed plant communities are usually dominated by glacial
relicts. These are an extremely specialized type of vegetation, assumed to
be particularly sensitive to environmental shifts (e.g. Grabherr et al.,
2010; Sandvik et al., 2004; Björk and Molau, 2007; Sandvik and
Odland, 2014). Therefore, focusing on populations of relict species may
be a suitable way to understand changes in vegetation diversity of
high-elevation mountain areas (Holzinger et al., 2009). A model speciesfor this guild is Carex lachenalii Schkuhr – a small tufted perennial sedge
with short stolons, typically occurring in low-productivitywet snowbeds
and granite grassland vegetation (Mirek and Piękoś-Mirkowa, 1992). Ac-
cording to the Global Biodiversity Information Facility (http://gbif.org)
and Euro+Med (2006), C. lachenalii is divided into two subspecies: C.
lachenalii subsp. lachenalii Schkuhr is common in many mountain re-
gions of Asia (e.g. Kolyma Mts), North America (e.g. Alaska), Northern
Europe (e.g. the Scandes), as well as Central and Southern Europe (e.g.
the Pyrenees and the Carpathians). Carex lachenalii subsp. parkeri (Pe-
trie) Toivonen is endemic to New Zeland (Toivonen, 1979) and often
considered as a separate species C. parkeri Petrie (Petrie, 1881;
Toivonen, 1979; Govaerts and Simpson, 2007) despite relatively low ge-
netic difference between the two taxa (Vollan et al., 2006). According to
the IUCN Red List of Threatened Species (2017), C. lachenalii is consid-
ered a least concern species, whereas in Central and Southern Europe
the species is rare and endangered (e.g. Moser et al., 2002; Villar, 2004;
Romand-Monnier, 2013; Turis et al., 2014), including in the Tatra Mts,
where it occurs only in a few isolated sites and is considered as a vulner-
able species (Mirek and Piękoś-Mirkowa, 2014). Most of the historical
records in the Tatra Mts have not been re-confirmed since the 1970s
and date back to the years 1872–1969 (Supplementary material 1).
The goals of this researchwere to assess: changes in distribution of C.
lachenalii in the Tatra Mts over the past 50–150 years and the effects of
climate change, recent tourism and historical grazing on the ecological
niche of C. lachenalii.
We hypothesized that climate change, expressed as a decrease in
snow cover duration linked with prolongation of the growing season,
may drive an upward elevational shift of C. lachenalii (e.g. Lenoir and
Svenning, 2015). As vegetation at high elevations is highly specialized
to harsh climatic conditions (Theurillat and Guisan, 2001), we assumed
that the importance of habitat filtering, expressed by low values of func-
tional diversity indices - functional richness (FRic) and functional disper-
sion (FDis) - will increase with increasing elevation, mainly by
promoting specialized species (Laliberté and Legendre, 2010). Thus we
predicted that C. lachenalii, as a snowbed-specialist species, may be not
able to compete with generalists, as long as environmental conditions
are not particularly extreme. This may be expressed as a higher role of
habitat filtering in shaping plant species composition of plots with C.
lachenalii at the highest elevations, in comparison to sites without C.
lachenalii. We further assumed that the probability of C. lachenalii occur-
rence would increase along with increasing elevation above sea level.
As tourism promotes mainly trampling-resistant tufted graminoids
(e.g. Jägerbrand and Alatalo, 2015), we assumed that the densities of C.
lachenaliiwould be higher on plots located closer to tourist trails. Thus,
we hypothesized that tourism may drive a horizontal spread of this
species.
As an effect of cessation of grazing, the importance of competition
between plants increases (e.g. Onipchenko et al., 2009). C. lachenalii is
a plant occurring mostly in highly specialized vegetation (snowbeds),
thus we hypothesized that this species has low competitive abilities.
Therefore it may decline on sites characterized by high competition,
and we predicted that species composition of plots without C. lachenalii
will be characterized by high values of functional divergence (FDiv) and
functional evenness (FEve), indicating a greater role of competition in
comparison to plots with C. lachenalii. To observe this pattern we used
a set of ecological indicator values (Zarzycki et al., 2002): light EIV
(EIV-L), temperature EIV (EIV-T), moisture EIV-F and nitrogen (EIV-N).
2. Materials and methods
2.1. Area of study
Most of the area of the Tatra Mts is composed of granitic and meta-
morphic rocks, formed during the Hercynian orogeny. The alpine vege-
tation of this area shifts from dwarf pine communities (1550–1850 m
a.s.l.), through low-productive alpine acidophilous grasslands (1850–
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subnival zone of the highest elevations (Mirek and Piękoś-Mirkowa,
1992).
The climate of the Tatra Mts, as in other European mountain regions,
is characterized by low annualmean air temperature (−0.7 °C) and high
precipitation (about 1800 mm per year; Limanówka et al., 2008). Over
the past 50–60 years the climate in the Tatra Mts has changed signifi-
cantly: according to the climatic data from Łomnica Meteorological Ob-
servatory (High Tatra Mts; 2634 m a.s.l.), mean annual temperature
and rain precipitation increased (R2 = 0.46, p b 0.001 and R2 = 0.49, p
b 0.001, respectively), whereas the number of dayswith snowdecreased
(R2 = 0.17, p b 0.01). In effect the vegetative season, understood as the
number of days with mean daily temperature above 5 °C, expanded sig-
nificantly from 85 to 105 days on KasprowyWierch (Western TatraMts;
1987m a.s.l.) and from 181 to 209 days in Zakopane (855m a.s.l.) during
the period 1960–2016 (Supplementary material 2).
Over the last century, the Tatra Mts attracted the attention of many
tourists, particularly those interested in recreational hiking. It is estimat-
ed that since the 1990s this area has been visited each year by about 2.5
million people (Mirek, 1996). Due to the numerous inaccessible areas
such as rock walls, shelves and steep-sloped summits, the Tatra Mts
are also widely explored by mountain climbers. According to Jodłowski
(2003), the most attractive areas are located in the High Tatra Mts
(mainly Morskie Oko Lake Region) which are visited by approximately
1600 climbers annually.
The period of increase in tourist exploration overlappedwith the ces-
sation of grazing. Grazing started in the Tatra Mts range in the 15th cen-
tury and even in the High Tatra Mts it dates to the 17th century
(Śmiałowska, 1962). The intensity of sheep grazing increased over the
centuries and at its peak the number of sheep and cattle grazed was ap-
proximately threemillion. Sheep herding in the TatraMts covered all ac-
cessible areas, i.e. those with relatively low steepness and those with
considerable shares of exposed rock formations or shelves. The primary
production of high-elevation pastures is lower in comparison to those lo-
cated at lower elevations, where grazing intensity was the highest
(Mirek, 1996). Grazing disappeared almost completely over the years
1963–1968 due to the establishment of the Tatra National Park in 1955
and following changes in land ownership structure (Balcerkiewicz,
1984). After the 1970s sheep herding was practiced only on partly-
protected areas of the National Park devoted to so-called cultural sheep
herding, aimed at the maintenance of species rich mountain meadows
(Mirek, 1996).
2.2. Study design
The study was carried out in August 2016 across the High andWest-
ern Tatra Mts over an elevation gradient 1400–2200 m a.s.l. (Fig. 1). We
revisited all 27 known historical localities of Carex lachenalii from the
years 1872–1969 (Supplementary material 1), when intensive grazing
was still in place (Balcerkiewicz, 1984). Almost all study sites were locat-
ed in theHigh TatraMts, except for two located in theWestern TatraMts.
The elevation of the historical localitywasmissing in 16 cases. Therefore,
we estimated the approximate elevations of these sites using historical
descriptions, including information contained in the name of specific
places in the mountains (e.g. mountain lake, scree, valley, couloir), in
whose proximity C. lachenaliiwas recorded. We also investigated all ac-
cessible areas over the whole elevation gradient with the presence of
habitats thatwere potentially suitable for this species (granite grasslands
and snowbedswith low cover of vascular plants). For all confirmed local-
ities of C. lachenaliiwe recorded: elevation above sea level; abundance of
all vascular plant species accompanying C. lachenalii, using the seven-
level alpha-numerical scale of Braun-Blanquet (1913); density of C.
lachenalii expressed as the number of shoots per 100 m2 and mean dis-
tance of each individual tuft of C. lachenalii to the nearest tourist trail,
which we used as a proxy of the intensity of trampling (in meters; Sup-
plementary material 3). We defined an individual tuft as “a group oframets growing together at high density and connected by stolons”.
This assumption was made with a caution that the distance to the next
group was bigger than 5 cm and there was no vegetative connection
existing between the groups.
In order to explore specific interactions between C. lachenalii and
other plant components of the snowbeds and acidophilous grasslands,
we compared our vegetation data (96 plots at elevations between 1682
and 2153 m a.s.l.; Supplementary material 4) with data from 47 plots
on the same plant communities scattered at elevations between 1380
and 2170 m a.s.l., collected in July and August 2015 (Czortek et al.,
2017, in press) in the Morskie Oko Lake Region, where C. lachenalii
could potentially occur. The Czortek et al. (2017, in press) study used rel-
atively large plot sizes which varied from 5 to 3000 m2, whereas the
present study was carried out within 100 m2 plots. Therefore, to check
whether a plot size effect could influence our results, we compared
plot sizes with plot species richness in the Czortek et al. data from the
Morskie Oko Region. This was done both for snowbed and acidophilous
grassland communities separately. In both cases the relationship be-
tween plot size and plot species richnesswas insignificant (p N 0.05; Sup-
plementarymaterial 5). Therefore,we are confident that our results have
not been affected by a plot size effect.
2.3. Species and plant community characteristics
To characterize the plant species ecological requirements for light
(EIV-L), temperature (EIV-T), moisture (EIV-F), nitrogen (soil nutritional
requirement indicator corresponding to plant productivity, EIV-N) and
soil reaction (EIV-R) we used the Zarzycki et al. (2002) modification of
the Ellenberg et al. (1992) ecological indicator scale. As ecological indica-
tor values reflect the realized niche – the outcome of a complex of envi-
ronmental factors that are changing over time (e.g. Smart and Scott,
2009) –we compiled the species from all datasets and explored relation-
ships between EIVs. This was done using Pearson's correlation method
with a maximum level of significance set at p = 0.05. We found that
EIV-T and EIV-L, aswell as EIV-L and EIV-N,were strongly negatively cor-
related (Pearson's r =−0.60 and r=−0.45, respectively; p b 0.001 in
both cases). We observed a strong positive correlation between EIV-T
and EIV-N (Pearson's r = 0.50; p b 0.001), and in parallel a relatively
strong relationship between EIV-N and EIV-R (Pearson's r = 0.45; p b
0.001). Therefore, as these EIVs were strongly correlated, changes in
community-weightedmean values (CWM) of ecological indicator values
were considered jointly (Supplementary material 6).
We also compiled information about plant species functional traits:
leafmass, total drymatter content and broad characterization of growth
form (rosette-like versus erect stems), specific leaf area, canopy height,
seed mass and their number per shoot and self-sterility (Table 1). All
traits were provided by the LEDA database (Kleyer et al., 2008), except
for life strategy which we found in the BiolFlor database (Klotz et al.,
2002).
For each plant community we calculated CWM of ecological indica-
tor values and components of functional diversity: functional richness
(FRic), evenness (FEve), divergence (FDiv) and dispersion (FDis), fol-
lowing Mason et al. (2005). These parameters describe distribution of
species' functional traits within the plant community trait hypervolume
(Laliberté and Legendre, 2010) and explain the significance of competi-
tion aswell as environmentalfiltering in forming specific plant commu-
nity species composition. The prevalence of competition is indicated by
high FDiv and FEve and the prevalence of habitat filtering by low FRic
and FDis (Kotowski et al., 2010; Laliberté and Legendre, 2010;
Hedberg et al., 2014, but see Kraft et al., 2015). For these calculations
we used the FD::dbFD() function (Laliberté et al., 2014). We also calcu-
lated species richness and diversity, expressed by Shannon's index
using the vegan::diversity() function (Oksanen et al., 2016).
The nomenclature of species followed Euro+Med (2006). All species
of the genus Alchemilla L. were excluded from the analyses due to species
identification difficulties and taxonomical uncertainties resulting from
Fig. 1. Distribution of Carex lachenalii in the Tatra Mts.
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2000).2.4. Data analyses
To find out whether there was an elevational range shift of C.
lachenalii the elevation of each recent plot was comparedwith the eleva-
tion of historical records using the Student's t-test. To show relationships
between traits of plant communities containing and not containing C.
lachenalii we used ordination techniques. Due to long gradient (N3 SD
units) reported by preliminary Detrended Correspondence Analysis
(DCA) we decided to use DCA in analysis. To perform DCA we used the
vegan::decorana() function (Oksanen et al., 2016). We also checked im-
portance of CWMs, functional diversity components, species richness
and diversity, aswell as elevation and the distance from the nearest tour-
ist trail as vectors passively fitted to DCA results, using vegan::envfit()
(Oksanen et al., 2016).Table 1
Parameters of environmental variables passively fitted to the DCA ordination results. De-
termination coefficients R2 and p-valueswere estimated using permutation testswith 999
iterations. Abbreviations: EIV–ecological indicator value (Zarzycki et al., 2002). Stars in the
last column denote level of statistical significance: *p b 0.01; n.s. – not significant.
Parameter Abbreviation DCA1 DCA2 R2
Species richness Rich 0.99801 −0.06303 0.5605*
Elevation Elev −0.67263 0.73998 0.4387*
Functional diversity indices:
Functional richness FRic 0.99504 0.09952 0.1286*
Functional dispersion FDis 0.61716 −0.78684 0.4373*
Functional divergence FDiv 0.41039 0.91191 0.1677*
Functional evenness FEve 0.99385 0.11072 0.0212 n.s.
Ecological indicator values:
Light EIV EIV-L −0.74293 0.66937 0.7189*
Moisture EIV EIV-F 0.55186 0.83394 0.3765*
Soil reaction EIV EIV-R 0.59640 0.80270 0.8200*
Fertility EIV EIV-N 0.95045 0.31089 0.7854*
Temperature EIV EIV-T 0.51444 −0.85752 0.6872*To reveal the relationships between C. lachenalii presence/absence
and environmental parameterswe used logistic regression implemented
in generalized linear models (GLM), using the stats::glm() function with
a binomial distribution of response variable. For assessment of relation-
ships between FDis and elevation, aswell as between C. lachenalli density
and distance to the nearest trail we used simple linear regression. We
inspectedmodel diagnostic plots formaintaining homoscedasticity of re-
siduals. We also checked outliers and as they did not influence trajecto-
ries of models, we did not exclude them. Before GLMs we pre-processed
all variables by scaling, centring andYeo-Johnson power transformations
(Yeo and Johnson, 2000) using the caret::preProcess() function (Kuhn,
2008).
All analyses were performed using R software (R Core Team, 2016).
Due to lack of replications, we excluded from the analyses one untypical
C. lachenalii locality in a mylonite grassland community (plot no. 63,
Supplementary material 4).
3. Results
Within 27 revisited historical localities, C. lachenalii was confirmed
on 11 (Fig. 2). Over the past 50–150 years the average elevation of C.
lachenalii occurrences shifted about 178 m upward. We discovered 84
new sites for the species, mainly at elevations between 1800 and
1900 m a.s.l. (50 records). A relatively high number of new localities
was recorded at elevations above 2000 m a.s.l., including the highest
one in the Tatra Mts (2153 m a.s.l.). Most of the historical records of C.
lachenalii that were not re-confirmed were from elevations below
1700 m a.s.l.
There was high dissimilarity between species composition of
snowbed and granite grassland vegetation according to the DCA ordina-
tion (Fig. 3). However, we also observed a partial continuum in the veg-
etation types surveyed: some of the symbols representing snowbeds
and granite grasslands were overlapping on the middle and the left
side of the DCA plot.
Themain factors determining plant species composition of snowbed
communities with C. lachenaliiwere relatively high values of EIV-L that
positively corresponded with a vector representing higher elevations
Fig. 2. Elevational upward shift of Carex lachenalii after 50–150 years.
1632 P. Czortek et al. / Science of the Total Environment 618 (2018) 1628–1637above sea level (Elev; Table 1; Fig. 3). These two factors were negatively
correlated with FDis and EIV-T, indicating that lower values of FDis and
EIV-T were important factors that described the diversity of such plant
communities. The vector representing FDiv was positively associated
with EIV-F, showing that high values of these factors determined the di-
versity of snowbeds with a presence of C. lachenalii, as well as plotsFig. 3.DCAordination performedonplotswithout (n=70) andwith C. lachenalii (n=95)
with passively fitted vegetation traits (black arrows): FDiv – functional divergence, FRic –
functional richness, FDis – functional dispersion, Rich – species richness, Elev – elevation;
ecological indicator values: EIV-L – light, EIV-T – temperature, EIV-M – moisture, EIV-N –
nitrogen, EIV-R – soil reaction.where this sedge could potentially occur. Lower values of FDiv, EIV-F
and EIV-R described well the diversity of granite grasslands (bottom-
left side of DCA plot; Fig. 3). Higher values of FDis and EIV-T, which
were associated positively with each other and described the diversity
of lower-elevation granite grassland communities without C. lachenalii
(bottom-right side of DCA plot; Fig. 3). In the same group of plots that
were located on the right side of the DCA plot, equally important were
vectors representing higher values of EIV-N and EIV-R, species richness
and FRic.We found that these four factorswere positively correlated, in-
dicating the strongest relationship between EIV-N and species richness
(Rich).
The probability of C. lachenalii occurrence significantly decreased (p b
0.01) with increasing elevation of snowbeds from 0.75 at 1900m a.s.l. to
0.37 at the highest elevations, whereas on granite grasslands it increased
from0.37 at lowest elevations to 0.62 at 2200ma.s.l. (Fig. 4a). Probability
of occurrence of C. lachenalii decreased with increasing plot species rich-
ness (p b 0.001), regardless of type of vegetation (Fig. 4b). Within plots
representing snowbed communities, as well as acidophilous grasslands,
themaximumnumber of species indicating the probability of occurrence
of C. lachenalii equal to zero was about 50 species per plot. The highest
probabilities (0.8–0.9) we observed at the lowest numbers of species
per plot (10–20 species). Elevation was negatively correlated with FDis
(p b 0.001; R2= 0.31; Fig. 4c). In both types of vegetation, and in patches
with and without C. lachenalii, FDis significantly decreased with increas-
ing elevation. In granite grasslands FDis decreased from about 0.17 at the
lowest elevations to about 0.13 at elevations close to 2200 m a.s.l.,
whereas on snowbeds it decreased from 0.15 at 1650 m a.s.l. to 0.13 at
the highest elevations.
The density of C. lachenalii was negatively correlated with distance
from the nearest tourist trail (p b 0.001; R2 = 0.39; Fig. 4d). In granite
grasslands, the highest densities of C. lachenalii were found at tourist
trails and in their direct vicinity (to 0.5 m from the trail). A similar
trend was found for snowbeds indicating the highest densities of this
plant at distances 0.5–10 m from the nearest path.
4. Discussion
4.1. Competition vs. species composition
We found that the species composition of plots with and without C.
lachenalii differed considerably, independent of vegetation type studied.
Species composition of plots without C. lachenaliiwas best described by
competition between plants, whereas on plots with C. lachenalii habitat
filtering was the most important component characterizing the species
composition. We also found that along with increasing elevation, the
importance of competition decreased, but its role in describing species
compositionwas shaped by different environmental drivers at different
elevations.
4.2. Upward shift of C. lachenalii
The current average elevation of population shifted upward by ap-
proximately 178 m in comparison with historical data. The highest re-
cent records of C. lachenalii in the Tatra Mts (above 2000 m a.s.l.) are
on areas not favourable for grazing due to low productivity, numerous
steep bare rocks, rock walls and shelves. Thus, we are confident that
the upward colonization revealed was independent of grazing. Similar
tendencies were found for many plant species, indicating upward shifts
strongly linked to recent global temperature increase (e.g. Chen et al.,
2011; Felde et al., 2012). An elevational shift of C. lachenaliimay be ex-
plained by prolongation of growth season observed in the Tatra Mts
during the last 54 years of climate monitoring. The high duration of
snow cover and frequency of negative temperatures during the year
are the main factors that shape abiotic conditions in alpine areas
(Hiller et al., 2005). The duration and thickness of snow cover deter-
mine relatively short growing seasons, population dynamics and length
Fig. 4. Relationships between: elevation and probability of C. lachenalii occurrence (a) and functional dispersion (b), probability of C. lachenalii occurrence and species richness (c), and
relationship between C. lachenalii density and distance from the nearest trail (d). Note log-transformation of axes in (d).
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Callaghan, 1994). With the earlier snowmelt, growing season length
has increased but soil water content decreased due to increased soil
evaporation. In effect, snowbed communities have been colonized by
species that tolerate drier conditions (e.g. Callaghan et al., 2011;
Daniëls and deMolenaar, 2011; Sandvik and Odland, 2014). In a warm-
er climate C. lachenalii, which prefers relatively wet and cold habitat
conditions,may successfully colonize snowbeds, replacing (or co-occur-
ringwith) thewet demanding grasses Poa laxa and P. granitica. An illus-
tration of this pattern may be the low FDis values observed on most of
those snowbeds with C. lachenalii in comparison with plots where this
plant was not found. Low FDis, which decreased significantly along
with increasing elevation, indicated high importance of habitatfiltering,
preventing establishment of many functional plant types and promot-
ing only specialized species (Laliberté and Legendre, 2010) adapted to
the harsh climatic conditions, typical for the sites located at the highest
elevations (Theurillat and Guisan, 2001).
The probability of occurrence of C. lachenalii decreased significantly
on snowbeds with increasing elevation. However, the probability of re-
cording this plant at the highest elevations was still relatively high
(0.37), which showed that C. lachenalii may potentially colonize the
highest snowbed communities, those located at elevations above
2200 m a.s.l. and dominated by highly wet-demanding bryophytes (e.g.
Mucina et al., 2016). This is in line with other findings (e.g. Molaw and
Larsson, 2000; Welling and Laine, 2000; Tevendale, 2006), which
showed high colonization abilities of C. lachenalii. Similar patterns were
observed for other species which in Central Europe are at the edge of
their geographical range, e.g. C. atrofusca and C. bigelowii in the Alps
and the High Tatras, as well as C. nigra in the Mediterranean Basin and
Western Russia (Schönswetter et al., 2006; Schönswetter et al., 2008;Jiménez-Mejías et al., 2012). In contrast, on granite grasslands the prob-
ability of occurrence of C. lachenalii increased significantly with increas-
ing elevation. This tendency could be explained on the one hand by the
fact that in terms of decreased snow cover duration, some dwarf shrub
species (Vaccinium spp. and Empetrum spp.) may becomemore exposed
to wind and frost, which could limit their growth and cover (e.g. Grytnes
et al., 2014) and decrease competition. As an effect, new microhabitats
would become available for colonization by C. lachenalii (e.g. Matthews,
1992) and similar species. On the other hand, relatively low probabilities
of C. lachenalii occurrence at lower elevations may suggest climate-driv-
en colonization of more competitive plants from lower elevations (e.g.
Britton et al., 2009; Odland et al., 2010; Ross et al., 2012), indicating
the low competitive abilities of C. lachenalii.
4.3. Horizontal spread of C. lachenalii
Most of the new localities of C. lachenaliiwere at elevations between
1800 and 1900 m a.s.l., mainly at the foot of theMnich summit (2068 m
a.s.l.), the most popular site for extreme climbing in the whole Tatra Mts
range (Jodłowski, 2003). Areas located in the closest neighbourhood of
the Mnich, mainly the Valley Za Mnichem (1830–1870 m a.s.l.), are the
starting points and resting places for climbers. These areas are covered
by a dense net of paths with a moderate trampling intensity, which pro-
mote trampling-resistant tufted graminoids rather than intolerant herbs,
mainly due to soil compaction and erosion (Bernhardt-Römermann et
al., 2011; Ballantyne et al., 2014; Jägerbrand and Alatalo, 2015). Carex
lachenalii is one of those trampling-resistant plants: its density,
expressed as the number of individuals per 100m2,was highest right be-
side the paths and decreased significantly with distance from tourist
trails.
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ical isolation between individuals. Therefore, only specialized species
may develop on such disturbed sites. Carex lachenalii colonized tram-
pling-disturbed sites, taking advantage of anthropogenic seed and veg-
etative propagule dispersal on climbers' shoes, clothing and equipment
(e.g. Grabherr, 2003; Klug et al., 2002; Whinam et al., 2005).
4.4. Decline in historically grazed areas
Wedid not re-confirm C. lachenalii onmost of historical locations that
were below 1700 m a.s.l. These areas had been intensively grazed by
sheep and cattle until the end of the 1960s (Balcerkiewicz, 1984). The oc-
currence of C. lachenalii on such areas was possible due to high grazing
intensities (Mirek and Piękoś-Mirkowa, 2014), which decreased role of
inter-specific competition. As sheep and cattle grazing ceased on these
locations, shrubs, tall herbs and grasses with high competitive potential
became more common, and thus due to its low competitive abilities C.
lachenaliiwas replaced by them (e.g. Amezaga et al., 2004).
We found that on the plots where C. lachenaliiwas absent, the main
factors describing the diversity were high FDiv, FRic and FDis, indicating
the decreasing role of habitat filtering and increasing competition be-
tween species. Our results are in line with other findings showing high
resilience of C. lachenalii to grazing (Molaw and Larsson, 2000; Welling
and Laine, 2000; Tevendale, 2006). Similarly, increasing competition be-
tween species is one of the drivers describing shifts in diversity on areas
where grazing ceased,mainly by a decrease in the number of localmicro-
habitats and following homogenisation of environment (e.g. Amezaga et
al., 2004; Baur et al., 2006; Sheil, 2016). A significant negative relation-
ship between species richness and probability of occurrence of C.
lachenaliimay be a supporting explanation of the role of competition be-
tween species in shaping plant species composition on non-grazed areas.
The diversity of granite grasslands without C. lachenalii (which had
high values of FDis) was characterized by a relatively high proportion
of warm-demanding and shade-tolerant species (high EIV-T and low
EIV-L, respectively). Plant species ecological requirements on plots asso-
ciated with higher values of FRic were described by higher EIV-N and
EIV-R (middle-right side of DCAplot; Fig. 3). The increasing competition
and proportion of more nitrogen-demanding species and decreasing
number of light-demanding species after cessation of grazing was re-
ported by Witkowska-Żuk and Ciurzycki (2000) and Başnou et al.
(2009). Owing to establishment of wind- and frost-shelteredmicrohab-
itats under the canopy of more productive nitrophilous species (e.g.
Hiller et al., 2005), the alpine flora may become more thermophilous
and at the same time characterized by a higher proportion of more
shade-tolerant species.
4.5. Combined effect of climate change, historical grazing and tourism
Effect of climate changemay interactwith changes in grazing regimes
and tourism (e.g. Klanderud and Birks, 2003; Becker et al., 2007; Frei et
al., 2010; Felde et al., 2012; Speed et al., 2012). Thus, observed horizontal
spread of C. lachenalii at lower elevations, and its disappearance at the
lowest elevations, may be an effect of combination of the three factors
studied. As we could not find a clear signal from climate change on the
distribution changes of C. lachenalii on lower-elevation snowbeds and
granite grasslands, the observed compositional shifts could be explained
by the masking effect of grazing cessation and developing tourism (e.g.
Dullinger et al., 2007; Klanderud and Birks, 2003; Michelsen et al.,
2011). Thus, an effect of climate change on spread of C. lachenalii was
more pronounced in non-grazed areas at the highest elevations, whereas
in areas trampled by tourists, as well as intensively grazed in the past,
signals from climate are less-pronounced and tend to be overwhelmed
(Pauli et al., 2003).
The species composition ofmost of the lower-elevation granite grass-
lands without C. lachenaliiwas characterized by relatively high competi-
tion level and share ofmore shade-tolerant species, as well as thosewithlarger sizes (canopy height). This may be a consequence of upward
treeline progression, induced by an impact of grazing abandonment
rather than climate change (Gehrig-Fasel et al., 2007; Ameztegui et al.,
2015). About 67% of the treeline length in the Tatra Mts was lowered
an average for 315 m due to high historical grazing intensities
(Radwańska-Paryska and Paryski, 1995). Kaczka et al. (2015) found
that over the period 1949–2009, the treeline ecotone shifted upward
about 35 m in the Mięguszowiecka and 11 m in the Rybi Potok valleys.
This means that the treeline in the Tatra Mts did not regain its historical
limit yet.We concluded that C. lachenalii declined on areas released from
grazing pressure due to the increased inter-specific competition, and
taking advantage of climate change, it colonized areas at higher eleva-
tions, characterized by high importance of habitat filtering in shaping
plant communities. In tourism-disturbed plant communities it showed
a tendency for horizontal spread.
4.6. Perspectives on conservation of rare mountain species
From a global perspective it seems that C. lachenalii is not directly en-
dangered, but in Poland it was recorded only from a limited number of
localities in the Tatra Mts. Similar range dynamics occur in other species
such as Geum reptans – a plant occurring mostly on high-elevation gra-
nitic screes, that shows high plasticity to changing environmental condi-
tions, e.g. increasing temperature or different competition levels (Pluess
and Stöcklin, 2005). However in the future, plants that currently are not
directly threatened, may become critically endangered or extinct, by fac-
tors such as dramatic increases in tourism intensity. On the other hand,
the persistence of C. lachenalii populations on areas with high competi-
tion levels is uncertain. Therefore, to achieve themost proper form of po-
tential future C. lachenalii conservation, we propose the limitation of
tourist traffic, at least on areas with the highest trampling intensities,
and active forms of conservation (e.g. moderate grazing) on areas with
the highest competition levels, i.e. those sites where grazing was
abandoned.
The interactions among species change in a warmer climate: moun-
tain flora and vegetation become more thermophilous, dry-demanding
and productive. Thus, plant specialists are replaced by generalists. Such
processes are the signals of homogenization of alpine flora and vegeta-
tion (Olden et al., 2004; Britton et al., 2009; Ross et al., 2012;
Evangelista et al., 2016) and are in line with the observed colonization
of the highest-elevation snowbeds, indicating a potential replacement
of the most specialized cold- and wet-demanding species, as well as
bryophytes with low productivity, by more warm-, dry- and nitrogen-
demanding C. lachenalii. Such replacements in the Tatra Mts presumably
represent the initial stages of climate-induced succession, and are more
pronounced in arctic alpine regions (e.g. Sandvik and Odland, 2014).
Therefore, in our opinion the climate-induced homogenization of plant
communities constitutes a serious threat to alpine flora and vegetation.
4.7. The reliability of historical records
Resurveying of botanical studies requires high reliability of historical
data collection. The main issue of resampling studies is that observed
compositional shifts may be affected by the incompleteness of historical
data, often representing summarised reports from botanical excursions
(Stöckli et al., 2011). Another factor influencing results may be resurvey
efforts that are not comparable due to different andmore advanced sam-
pling techniques in comparison to those used in historical studies. How-
ever, despite these limitations, resampling of botanical studies gives
unique opportunity to explore species composition changes in alpine
flora and vegetation (e.g. Vittoz et al., 2008; Naaf and Wulf, 2010;
Kapfer et al., 2017).
The historical distribution of C. lachenaliiwas reported by botanists
well experienced in identification of the difficult genera, i.e. Hieracium
or Carex, who were also good mountain climbers (Zemanek, 2012).
This included the authors of previous studies on the flora and vegetation
1635P. Czortek et al. / Science of the Total Environment 618 (2018) 1628–1637of the Tatra Mts, e.g. Bolesław Kotula (1889–90; the distribution of vas-
cular plants in the TatraMts), Bogumił Pawłowski (1956; theflora of the
Tatra Mts) and Stanisław Balcerkiewicz (1984; the vegetation of the
Dolina Pięciu Stawów). In addition, the specimens of C. lachenalii col-
lected by these authors are deposited in the KRAMHerbarium (Kraków,
Poland). Thus, we are confident, that the whole elevation gradient (in-
cluding the most inaccessible areas) was surveyed carefully, and C.
lachenaliiwas identified correctly. Our results were not affected by the
incompleteness of historical data and higher surveying effort. The only
potential uncertainty in our study was caused by missing elevations of
some historical localities, and low accuracy of historical altimeters.
5. Conclusions
Shifts in distribution of Carex lachenalii, a model arctic-alpine species,
demonstrated themain patterns of diversity changes in European alpine
vegetation. The fact that habitatfiltering rather than interspecific compe-
tition described C. lachenalii colonization on snowbeds and granite grass-
lands at the highest elevations may suggest that climate change,
expressed by decreased snow cover duration and subsequent prolonga-
tion of growing seasons, was the main factor driving the upward shift of
this plant. Moderate trampling enhanced horizontal spread of C.
lachenalii by reducing competitors and creating new sites suitable for
colonization. C. lachenalii declined on areas with high competition levels,
i.e. those where grazingwas abandoned. These three environmental fac-
tors determining shifts in distribution of C. lachenaliimay also contribute
to changes in distribution of other rare mountain plant species and
should be taken into account in conservation management plans.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.10.001.
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